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The backscattering-channeling technique has been used to study the lattice location of various heavy atoms
implanted in a channeling direction to high doses in copper and other fcc metals. Gold implanted into Cu, Pd,
and Ag is found to be (100 = 1)% on substitutional sites (in Ni, Au is 96% substitutional). Investigations of
the lattice location of heavy metallic atoms implanted in Cu (Ag, Sb, W, Pt, Au, Hg, T, Pb, and Bi) show
that these impurities occupy with a high probability (> 60%) regular fcc lattice sites for atomic concentrations
S 1%. In contrast, I shows a lower probability for occupying Cu lattice sites and the substitutionality is a
function of depth, whereas Xe is entirely nonsubstitutional. There is no implantation temperature dependence
of the substitutionality of Au, W, or Xe in Cu between 15 K and room temperature. These results are
compared with criteria such as the size, electronegativity, and the binary phase diagrams of the implanted
systems involved, but it is concluded that the final position of metallic atoms is determined mainly by
nonequilibrium processes occurring near the end of the ion range. For atomic concentrations > 10%, Au
remains 100% substitutional in Cu but W produces a highly disordered layer in which the W atoms occupy
no regular lattice site. Low levels of damage are seen in the host copper crystals after high-dose channeled
implantations of heavy ions. The results indicate an absence of displaced host atoms and a layer of
dechanneling centers which is approximately coincident in depth with the implanted species. These results
suggest that lattice strain around the implanted atoms is the major cause of dechanneling.

I. INTRODUCTION

Classical metallurgy deals with systems pro-
duced at equilibrium, or at least at quasiequilibrium.
Recent applications of ion-implantation techniques,
developed for the controlled shallow doping of semi-
conductors, to metals have brought us to the realm
of nonequilibrium metallurgy processes. Ener-
getic ions can be implanted in a metal surface
layer without regard for solubility limits, but sub-
ject only to sputtering considerations, Under these
nonequilibrium conditions, the physical states of
the implanted atoms within the target are of inter-
est. Also of interest is the effect of the damage
created in the host material as the impinging ions
are slowed to rest, Both the chemical alloying
effects of the implanted impurities and the damage
may produce surface layers in the host which have
very different physical properties from the host
itself. This is one of the reasons for the current
effort in investigating the effects of ion beams on
metals.!

One of the most important properties of an im-
purity atom is its location within a host crystal.

Ion channeling is a mechanism by which an in-
cident ion beam can selectively sample various
crystallographic locations within a host crystal
and in many cases make direct measurements of
impurity-atom lattice locations. The channeling
technique for lattice location has been discussed
in detail elsewhere.??® This technique is particu-
larly applicable to determining the lattice location
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of heavy impurities introduced by ion implantation
into lighter host materials.

A number of implanted-metal crystal systems
have been investigated by channeling*; however,
until recently®’® no implanted impurity had been
found which was 100% substitutional. In this paper
we report the results of channeling investigations
of the lattice location of a wide variety of implanted
impurity atoms in copper and some related results
on the damage introduced in the copper crystals
by the implantations.

II. EXPERIMENTAL

Single-crystal slices of high-purity copper were
cut with a (110) axis approximately normal to the
surface. The samples were lapped on 600 grit
paper, followed by lapping on 23- and 8-um SiC
Ultralap abrasive sheets. To remove mechanical
damage caused by cutting and lapping, each sam-
ple was polished on Politex pads saturated with
Syton polishing solution. The resultant polished
surfaces had a mirrorlike appearance and were
relatively damage free. The Ni, Pd, and Ag
crystals were prepared in a similar fashion. Ran-
dom and (110) aligned spectra of each sample in-
dicated minimum yields of 3%-5% for 1.8-MeV He".
Most of the copper samples were electropolished
following the Syton polishing. This was accom-
plished in a stirred 2:1 mixture of phosphoric acid
and distilled water at room temperature. Typical
cell voltages and polishing times were 1,75 V for
30 min. The electropolished copper samples con-
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sistently had minimum yields of 2%-3% .
Implantations were carried out on one of four

low-energy accelerators. At Murray Hill, Au, Pt,

Hg, and Tl implants were performed using a 300-
keV Ortec accelerator with a Hill-Nelson ion
source. At Sandia, Au, Ag, Pb, Bi, Pt, and I
implants were performed in a 300-keV Accelera-
tors, Inc. machine with a Dan Physik 911 source,
whereas the W, Xe, Cu, and Sb implants were
done with an 80-keV Lintott accelerator or a 400-
keV Van de Graaff accelerator using their stan-
dard ion sources. Unless otherwise specified, all
crystals were aligned using 1. 8-MeV He* chan-
neling prior to implantation and the implants car-
ried out in a (110) channeling direction,

The crystal alignment for low-energy heavy-ion
implantation is not critical and in good crystals it
is difficult to avoid channeled implants. Initial
experiments with intentional misalignment of 7°
between the implantation beam and the (110) axis
showed very deep impurity penetration and dam-
age depths compared to Lindhard-Scharff-Schigtt
(LSS) ranges. Implants couldbe performed in which
the range corresponded to LSS theory, but the choice
of implant direction was critical. Cairns ef al.”
have used characteristic x-ray generation to mea-
sure critical angles for 150-350-keV rare-gas
ion channeling in (110) copper. They find their
data can be fitted to a critical-angle formula due
to van Wijngaarden® which uses an inverse-square-
law fit to a screened Coulomb potential

a . 1/3
brs f(m ¢1) ;

where a is the Thomas-Fermi screening distance,
d is the atom spacing along the crystal row, and
¥, is the Lindhard® high- energy critical angle giv-
en by

Uy =(22,2, ¢*/dE)'/?

For one of the systems described in this paper,
150-keV Au in (110) Cu, a/d is about 0.035, ¥, is
about 24°, and ¥;5 is 7.5°. Thus the channeling
critical angles have a full width of about 15° if
this model is accurate. For uniformity, experi-
mental ease, and to avoid ambiguities caused by
not knowing how much of the beam was channeled,
all implants were done within +0.5° of the (110).

The analysis beams of *He* ions were produced
by 2-MeV Van de Graaff accelerators at Albuquer-
que and Murray Hill. The incident helium beams
were collimated to achieve angular divergence
half-angles of better than 0.05°. The scattered
ions were detected and analyzed with silicon sur-
face-barrier detectors and associated nuclear
electronics with a total system resolution for 1-2-
MeV He* ions of 12-15 keV. Both electronics
systems were equipped with pulse-pile-up-rejec-
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FIG. 1. Random and {l10)-aligned spectra of Cu im~-
planted at room temperature with 1, 010! cm"? 200-
keV Au atoms. The implant was performed in the ¢L10)
channeling direction. 2.5X 10%6 Au em™? were actually
retained in the sample.

tion circuitry. 1

Two separate goniometers were equipped for
in situ low-temperature implantation and analysis.
One system used a liquid-helium transfer refrig-
erator to achieve sample temperatures below 10 K.
The second system used a helium-gas mechanical
refrigerator to cool the goniometer-mounted sam-
ple to 40-60 K. In both cases the samples were
surrounded by shields cooled by liquid nitrogen
and chamber vacuums were 1-4x10~" Torr.

III. RESULTS

A. Au in Cu and other fcc metals

Figure 1 shows the random and (110)-aligned
spectra for a 200-keV Au (110) channeled room-
temperature implantation at a dose of 10'® cm™2
into Cu. The large reduction of the Cu and Au
scattering yields when the *He beam is aligned
with the (110) crystal axis indicates that: (i) the
Cu crystal has suffered little lattice damage by
the Au implantation, and that (ii), the Au atoms
are highly substitutional. These spectra are typi-
cal of those obtained from all the metal implants
into single-crystal fcc metals described here with
minor differences in damage levels and implanted
impurity depth distributions. The implanted Au can
be seen from Fig. 1 to extend deeply into the Cu
crystal. The depth of the maximum in the Au dis-
tribution, corresponding to 3 at. %, is ~800 .7&; how -
ever, the concentration of Au is still 0.3 at.% at a
depth of ~2500 A where the scattering from Au
atoms cannot be distinguished from scattering
from surface copper. If we extrapolate the gold
distribution to zero concentration, the implanted
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FIG. 2. Random and {110)-aligned spectra of Cu im-
planted at room temperature with 1. 0x 106 cm2, 150-
keV Au atoms. The implant was performed 17° off the
{110, & of the way from the {113} to the {100}, 8x10%

Au em™? were actually retained in the sample.

gold extends ~4500 A into the Cu. The LSS pro-
jected range'! for 200-keV Au in Cu is 214 A with
a rms spread of 74 A, and thus the observed dis-
tributions extend far beyond the LSS range. That
this effect is due to channeling of the Au in the Cu
is confirmed by the data of Fig. 2 which shows
the random and (110)-aligned spectra for 150-keV
Au implanted 17° from the (110) axial channel along
a plane ¥ of the way from the {113} to the {100}.
The distribution in this case shows a maximum
at a range of ~200 A approximately the LSS pro-
jected range of 170 A,!! indicating that the extend-
ed distributions observed in the data of Fig. 1
can be attributed to channeling. As discussed
previously, because of the difficulty in finding a
truly random direction, crystals used for the rest
of this study were aligned prior to implantation
using 1. 8-MeV He* and implanted in a (110) chan-
neling direction.

For lattice-location measurements using ion
channeling, the substitutionality of an implanted
species can be defined as

S= 1 - X (impurity)
1 = Xmia(host)

’

where x.,, is the ratio of the aligned to random
scattering yields for the respective species. Us-
ing the above equation and the data shown in Fig.
1, the substitutionality of implanted Au in Cu is
100%+3%. This was the first reported case of

100% substitutionality for room-temperature im-
planted species with no annealing.® In the case
of the random implant (Fig. 2), the substitution-
ality is also 100% and thus, at least for the case
of Au in Cu, the results are independent of the
direction of the implant, It should be noted that
for the fcc lattice, measurements of the (100) and
(111) directions are unnecessary if the (110) chan-
neling results indicate 100% substitutionality.
More accurate estimates of the lattice site lo-
cation can be obtained by comparing the normal-
ized angular dependence of the scattering yield at
a given depth for both host and impurity.!® The
initial parts of this study®'® indicated that Au im-
planted into four fcc metals (Ni, Cu, Pd, and Ag)
was 100% + 1% substitutional. Figure 3 shows an-
gular distributions for these four cases where the
angles have been plotted in units of ¢;,,. Tie an-
gular distributions of Auin Cu, Pd, and Ag are
seen to exactly duplicate the distributions of the
respective hosts to within experimental error in-
dicating complete substitutionality. Au in Ni is
seen to be 96% substitutional. It should be noted,
however, that the host x,,, have increased sub-
stantially over the unimplanted values. We will
suggest later that this increase in X, is due to
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FIG. 3. Channeling angular distributions of Ni, Cu,
Pd, and Ag crystals implanted at room temperature with
~10% cm, 200-keV Au atoms. The open circles are
the host scattering and the X’s correspond to the Au scat-
tering.
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FIG. 4. Random and {110)-aligned spectra of Cu im-
planted along the Cu {110) at room temperature with
1x10!" em?, 150 keV Au atoms.

lattice strain associated with the implanted im-
purities.

The data listed above are for Au implants of
10'® Aucm=. The peak concentrations of Au cre-
ated by these implants are 2-3 at.%. To examine
whether complete substitutionality could be achieved
for implants which create higher concentrations
of the implanted species, 150-keV Au was implant-
ed into Cu to a nominal dose of 1x10'" cm™2, The
channeling spectra from this sample are shown
in Fig. 4. The depth distribution of the Au is
beginning to become somewhat narrower than the
depth distribution for 10'® Aucm™ shown in Fig. 1.
This is probably due to the increased damage in
the crystal and greater dechanneling of the Au ions.
The peak concentration of Au from the data of Fig.
4 is ~17 at.% and the amount of Au actually re-
tained in the sample is 1.4x10'" cm™2. Owing to
the channeled implant, practically all the implant-
ed Au is probably retained. For this case also,
the Au is found to be as substitutional as the cop-
per lattice indicating that the Au is 100% (+ 1%)
substitutional.

It should be pointed out that implant doses are
discussed in two ways in this paper. Normally
we use dose to refer to the implant dose calcu-
lated from the integrated charge incident on the
sample, with suitable precautions for secondary
electrons. In some cases, however, we refer to
the amount of impurity retained in the target which
is obtained by integrating the random scattering
peak due to the impurity and comparing this with
the host scattering. Neutral components of the
implantation beam will tend to make the amount
retained greater than the measured dose, while
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sputtering will have the opposite effect.

Implants of Au into copper along the (110) chan-
neling direction have also been performed at 15 °K,
which is below the temperature for a close-pair
interstitial migration in copper.!? These studies
were only performed at lower doses (2 x10'® Au
cm'z), and also showed the 100% substitutionality
seen in the room-temperature implanted samples.
We conclude that the Au substitutionality is pro-
duced by the implantation process itself (possibly
involving damage interaction) and not by any ther-
mal diffusion or damage interaction process fol-
lowing the implantation. This will be discussed
in more detail at the end of Sec, III C.

6

B. Win Cu

The binary system W: Cu is reported!® to be a
system with no mutual solubility and thus con-
trasts with the system Au: Cu which shows com-
plete solubility.'® We previously reported® that
room-temperature implants of 10'® Wcem=2 in Cu
were ~90% substitutional and that annealing at
500 °C for 1 h reduced the substitutionality to 70%.
To examine the dose dependence of implanted W
in Cu, a Cu sample was mounted in a cooled goni-
ometer capable of in sitw W implantation and chan-
neling analysis at 40-60 °K. No difference was
found between the 60 °K results reported and iden-
tical measurements on room-temperature implant-
ed samples, Also no change was observed upon
annealing the 60 °K samples to room temperature.
In Fig. 5are shown {110) aligned and random spectra
for the Cu sample after 60 °K (110) implanation of
2.0% 10, 1.2x 10, and 1.1x 10" W cm™. These
values give the number of implanted ions calculated
from the integrated charge. Thenumber of implanted
W actually remaining in the target after implan-
tation is listed beside each of the spectra in Fig.
5. The 10" and 10'® implants both exhibit the high
substitutionality and extended impurity depth dis-
tributions characteristic of the previous results.
The spectra for the 10" cm™ implant show quite
different behavior. The implanted tungsten atoms
are now mainly contained in a thin (~ 200 j&) layer.
There is no decreased yield of the scattering from
W atoms in this layer when the analyzing beam is
aligned with the Cu (110) axis indicating a low
(S~ 0) substitutionality. The copper aligned spec-
trum shows evidence of a surface disordered layer
of Cu (peak near channel No. 350) whose thickness
agrees with the thickness of the layer containing
the W. In the energy region between channels
375 and 400 there is evidence of some substitution-
ality of W at depths beyond this surface disordered
layer.

In Fig. 6 are shown (110) angular distributions
for the implants discussed above and whose ran-
dom and aligned spectra were shown in Fig. 5.
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FIG. 5. Random and {L10)-aligned spectra of Cu im-

planted at 60 °K along the Cu {L10) axis with W atoms.
The measured amount of W retained in the Cu are (i) 2.6
x10% em2, (ii) 1.7%10' cm™ and (iii) 5.1x10'¢ cm?
The random spectrum of Fig. 5(a) has been multiplied
by 4 to normalize analysis doses.

The position and width of the energy windows used
to obtain the angular distributions are indicated
by double-ended arrows in Fig. 5. The 2x10'® cm™?
angular distribution is seen to indicate 100% sub-
stitutionality. Increasing the implanted dose to
10'® cm2? causes the minimum yield of the W scat-
tering to rise above the minimum yield of Cu, so
that the calculated substitutionality is 90%. The
10% of the W atoms not on regular sites are be-
lieved to occupy random sites within the lattice.
However, W precipitation is not observed.'* The
angular width of the W distribution is the same

as the Cu distribution indicating that the substi-
tituonal W atoms are actually on Cu lattice sites
and not slightly displaced. The angular distri-
bution from the 10" ¢cm~?W implant indicates that
the W atoms in the surface layer are not located
on well-defined sites within the Cu lattice. Be-
cause of the shallowness of the 10'" cm™2W depth
distribution, shown in Fig. 5(c), it is difficult to
assign the Cu energy windows to derive the an-

gular distribution, i,e., the width of the implant
distribution is less than or equal to the depth
resolution of the system. The copper host angu-
lar distribution is therefore weighted by the less-
disordered lattice at slightly deeper depths. This
may also hold true for the W angular distribution.
In fact there is some evidence from the spectra in
Fig. 5(c) that the copper may be totally disordered
in a narrow surface layer <100 A thick.

The correlation between the lattice-site location
and the depth distribution of W in Cu is striking.
Between implant doses of 10'® and 10'” W cm™2, the
W becomes confined to a thin surface region
which is disordered. Because the surface layer
is disordered, the lack of well-defined sites for the
W is understandable., There are two possible ex-
planations for this behavior. First, the tungsten
may be precipitating into agglomerates of size
<200 A and the disordered copper is due to lattice
mismatch and strain. Secondly, it is possible that
the high concentration of W enables the Cu to ex-
ist in a disordered state, stabilized by the pres-
ence of the W, Recent transmission electron mi-
croscopy results on these samples after 60 °K im-
plantation of 10'” cm W and annealing to room tem-
perature indicate that there are no precipitates
of dimension 2 10 A and that there is no evidence
of polycrystalline Cu.!* This suggests the possi-
bility of the formation of a thin amorphous meta-
stable phase.

C. Lattice location of other heavy impurities in Cu

In an attempt to define the systematics of lat-
tice site location for heavy impurities in Cu, a
number of impurities were implanted at energies
ranging from 50-150 keV in (110) channeling direc-
tions. The implanted dose in all cases was 1.0
x10™ c¢cm=2. All implantations and analyses were
performed at room temperature except as noted.
The backscattering spectra taken after implanta-
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FIG. 7. {110) angular distributions from Cu samples
implanted at room temperature with 1016 eme2 Ag, Sb,
W, and Pt.

tion indicated that all the implanted impurity dis-
tributions showed the extended depth behavior
characteristics of channeled implants. The an-
gular distributions for eight heavy metallic im-
purities are shown in Figs. 7 and 8. In all cases
the distributions show significant substitutional
behavior. Hg in Cuis 100% substitutional, where-
as Bi in Cu is only about 60% substitutional. All
of the impurities for which data are shown in Figs.
7 or 8, except Bi, show the same width of the
(110) dip as the Cu host. The width of the Bi dip
is significantly narrower than the Cu dip, leading
to the conclusion that Bi atoms are slightly dis-
placed from normal Cu lattice sites.'®

Lattice-location measurements of I and Xe in
Cu gave quite different results from the heavy
metallic impurity implants described above. The
results of I are seen in Fig. 9. The behavior of
Iis a function of the depth and thus the local con-
centration of I atoms. Near the surface there is
no substitutionality of I. The aligned scattering
spectrum exhibits no evidence of a disordered
surface layer in the copper scattering as was
seen in the case of the 10" cm™?W data, however,
The peak I concentration in this surface region is
~1.5at.%. At 1000 A depth, where the localized
I concentration has decreased to 0.5 at.%, the
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FIG. 8. {110) angular distributions from Cu samples
implanted at room temperature with 10 em= Hg, TI,
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angular scan shows that the I is up to 70% substi-
tutional, but that the dip is very significantly nar-
rowed indicating a small displacement of the I
atoms from Cu lattice sites.
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the distribution on the right is taken at a depth of
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13 LATTICE-SITE LOCATION OF ION-IMPLANTED... 975
TABLE L. Summary of substitutionality results and physical properties for impurities implanted in copper.

Element Ag Sb I Xe W Pt Au Hg Tl Pb Bi
Substitutionality 0.93 0.93 0,0-0.70 0.0 0.90 0,92 1,00 1,00 0.8 0.72 0.62
Damage

(host Xpyn) 0,09 0,09 0.10 0.10 0.20 0,25 0,09 0.20 0.22 0,30 0.25
¥y /o(imp) /by /5(Cu) 1.0 1.0 0.7 0.0 1,0 1,0 10 1,0 1,0 1.0 0.83
Goldschmidt radius

(Rcy=2.55) 2.9 2,9-3.4 seoe coe 2.8 2.8 2.9 3.0 3.4 3.5 3.2=3.5
Electronegativity

(ENg,=1.9) 1.9 1.9 2,5 eo° 1.7 2,2 2.4 1.9 1.8 1.8 1.8

Implanted Xe showed a completely random be-
havior regardless of the dose, depth of analysis,
or temperature of implantation. Similar results
were obtained for channeling measurements along
the (100) and (111) axes. Implantations at tem-
peratures as low as 9 °K to a dose of 1x10'° Xe
cm™2 showed the same behavior as room-tempera-
ture implanted samples.

The results of all the lattice location measure-
ments in Cu are summarized in Table I. Along
with the experimentally determined parameters of
substitutionality, Cu lattice damage and relative
widths of the impurity and lattice angular distri-
butions are listed the Goldschmidt radius and the
electronegativity for those impurities where they
are defined. The experimental error on the sub-
stitutionalities is + 1%-2%. For electronegativity,
no correlation with the substitutionality exists.
There is no clear correlation between the Gold-
schmidt radius and substitutionality, but the very
large atoms (T1, Pb, and Bi) show the lowest sub-
stitutionality for the impurities listed and for
which the Goldschmidt radius is defined.

The equilibrium phase diagrams!®'!6:17 of the
various metallic impurities and copper range
from complete solubility in the case of Au and Pt
to complete immiscibility in the case of W. Under
equilibrium conditions a high mutual solubility
would imply a high substitutionality and a very
low solubility would lead to low substitutionality,
but indeed all metallic impurities appear to have
a relatively high probability of occupying substi-
tutional sites regardless of the solubility. The
only impurities investigated which showed evi-
dence of low substitutionality were the nonmetallic
impurities I and Xe.

The observation that all metallic impurities
tend to occupy highly substitutional sites upon im-
plantation into Cu, regardless of their chemical
type, suggests that dynamical processes near the
end of range of the implanted atoms may govern
the lattice site location. We suggest that an iso-
lated Cu vacancy is a local potential minimum for

implanted metal atoms, and perhaps for I also
if the local I concentration is low enough. As such
an impurity atom slows to rest during the implan-
tation process, it can end up on a lattice site via a
replacement ccllision or by diffusional motion due
to the localized lattice energy transient due to the
collision cascade (thermal spike). Recent calcu-
lations!® of the probability of replacement colli-
sions show high probabilities (50%-80%) for inci-
dent ions in the mass range studied here suffer-
ing replacement collisions at the end of range (see
Appendix). By this model, however, Xe should
show some substitutionality for low dose, low-tem-
perature implantation and we find Xe to be en-
tirely nonsubstitutional. Thus we conclude that
a copper lattice vacancy is not a local potential
minimum for Xe atoms. The fact that implanted
Au is 100% substitutional in Cu when implanted and
analyzed below 15 °K (although the replacement
collision probability is only ~55%) indicates that
processes other than replacement collisions
must be operative, probably processes depen-
dent upon the high “local lattice tempera-
ture” near the core of the collision cascade.
Thompson19 has suggested that during the life-
time of such a thermal spike (typically 107!
to 107'% sec), interstitial-vacancy recombination
can be expected due to a localized rise in the lat-
tice temperature, whereas vacancy migration is
not predicted due to the high activation energy.
The true situation is probably a combination of
replacement collisions and recombination of the
implanted impurity with copper vacancies which
is enhanced by the high localized thermal energy.
Metastability of substitutional solid solutions
is well known. Rapid quenching of a liquid-metal
alloy can cause the liquidus-solidus to be crossed
so quickly that second-phase nucleation and growth
is suppressed. This has been experimentally seen
as the extension of terminal solid solubility limits
following rapid quenching from the liquid state, 2
Lattice parameter versus concentration curves?®
gave deviations from Vegard’s law which could
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FIG. 10, Random and {L10)-aligned spectra for a Ni
sample implanted with 10! Au em2, Also shown is the
{110)-aligned spectrum from a Cu sample after an iden-

tical implant.

be predicted by extrapolating the equilibrium data.
This indicated the single phase present was a com-
plete solid solution lending support to our sugges-
tion that a lattice vacancy is a local potential mini-
mum for metallic impurity atoms, even for sys-
tems which are immiscible under equilibrium con-
ditions.

D. Dechanneling

In Fig. 10 are shown a (110)-aligned spectrum
for Cu implanted with 10'® 200 keV Au cm™2 as
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FIG. 11, Aligned yield/random yield for Cu implanted
with 10!® Au em™ at room temperature along a {110)
channel. The inset shows the scattering yield from Au
atoms normalized such that the Au surface scattering is
at the same energy (channel number) as the Cu surface
scattering.
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FIG. 12, Aligned yield/random yield for Cu implanted
with 10! Au em™ at room temperature in a random di-
rection, The inset shows the Au scattering normalized
as in Fig. 11. The data shown in here are taken from
the spectra shown in Fig. 2.

well as random and (110)-aligned spectra for Ni
after an identical implant, The minimum yield
for Cu (10%) is significantly lower than that for
Ni (20%) and the Ni-aligned spectrum shows evi-
dence of a thin layer of disordered Ni at the sur-
face. Both aligned spectra show a “knee” near
channel No. 240, but the aligned yield in the Cu
sample increases much faster as a function of
depth than that for the Ni and is actually above the
Ni aligned yield except very near the surface.
Similar knees have been observed in ion-implanted
metal crystals by Gettings et al. %% and by Sood
and Dearnaley.?® Generally these knees have
been recognized to be the end of a layer of de-
channeling centers introduced during high-dose
implantations into metals,

The knees are accentuated if one plots the aligned
yield divided by the random yield as a function of
depth (channel number). Figure 11 is such a plot
for a channeled implant of Au in Cu and Fig. 12
is a plot of an identical random implant of Au in
Cu. Figure 12 uses the same data used in Fig. 2.
The reason less Au is retained in the randomly
implanted sample than in the channeled implanted
sample is increased sputtering combined with the
much shallower implanted distribution for the
random case. In both cases, the knee occurs at
a depth corresponding to the approximate end of
range of the implanted impurity as seen by the
Au scattering shown in the inset. The surface
channels for Au scattering and Cu scattering have
been normalized and kinematical effects contrib-
uting to different energy-to-depth conversions
for scattering from Cu and from Au are small.
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A comparison of dechanneling depths and implanted-
impurity depth distributions leads to the conclu-
sion that the layer of dechanneling centers is co-
incident with the implanted layer. This could be
due to Cu damage created by the implantation but
not specifically associated with the implanted at-
oms or to localized strains in the Cu lattice around
the implanted species after they come to rest. In
Fig. 13 are shown the aligned yield divided by the
random yield for a 1x10'® ¢cm™2 implantation of
50-keV W into Cu. The gain settings were dif-
ferent for these spectra from those of Figs. 11
and 12 leading to a different channel for Cu scat-
tering at the surface. Whereas the dechanneling
in the W-implanted sample is comparable with

that which we observed for the Au implantations,
the Cu implanted sample has a much lower level

of dechanneling,

Brice® has developed a technique for calculating
the depth distribution of energy deposited into
atomic processes. The calculation is for an amor-
phous target and thus the depth distributions are
not meaningful for the channeled implants in this
work., The Brice calculations yield 0. 64 and 0. 67
as the fractions of the incident energy which ul-
timately are converted into atomic damage for
50-keV Cuand W, respectively, incident ona copper
target. Thus equal doses of Cu and W should pro-
duce about the same amount of lattice damage in
an amorphous copper target. We will assume that
the amount of damage would also be comparable
for channeled W and Cu implantations. As indi-

300

350 400

cated in Fig. 13, however, the dechanneling from
a 3x10'® cm™ Cu implantation at 40 °K is appreci-
ably less than the dechanneling from a 1x10'® cm™
W implantation at 40 °K. These doses were mea-
sured by current integration since the actual amount
of implanted Cu cannot be measured by backscat-
tering. The Cu implantation deposited about three
times the energy into atomic processes as com-
pared with the W implantation, Since the dechan-
neling from the copper crystal was less after the
Cu implantation than after the W implantation we
conclude that the dechanneling is associated pri-
marily with the implanted impurities and not with
copper lattice damage caused by the implantation.
It has been suggested?’~?? that the knees in the
channeling spectra are indicative of the long-range
migration of a Cu defect during implantation, but
the results here lend support to the simple inter-
pretation that the knees are due to dechanneling
associated with the implanted impurity itself.

1V. CONCLUSIONS

This study has demonstrated some unique fea-
tures of the alloy systems created by ion implan-
tation into metals, specifically copper. It has
been demonstrated that 100% substitutional alloys
can be formed by implantation and that for doses
~10' atoms cm™2, implanted metal ions tend to
occupy Cu lattice sites with a high probability.
Highly substitutional nonequilibrium alloy layers
can be formed even for systems where equilibrium
formation is not predicted. It is thus demonstrated
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TABLE IL. Replacement collision probabilities for
ions of various atomic numbers in copper.

Copper target (E; =25 eV)

Zy (atomic number
of projectile)

P (probability of a
replacement collision)

10 0.20
20 0,62
30 0.79
40 0.81
50 0.79
60 0.73
70 0.65
80 0.55

that classical parameters such as atomic size and
electronegativity cannot be used to predict the sub-
stitutionality of ion-implanted metallic impurities.
We have suggested that this phenomenon is a com-
bination of replacement collisions events and lo-
calized motion of the implanted ion caused by the
collision cascade. Thermal motion of the ions
for times greater than about 107! sec (the life-
time of the thermal spike) after the implantation
event has been ruled out by low-temperature im-
plantation experiments., In fact there is no appar-
ent implantation temperature dependence of the
substitutionality of Au, Xe, and W implanted in
Cu between 15 °K and room temperature., We
have studied two systems, Au in Cu and W in Cu,
at high implantation concentrations >10 at.%.

Au still remains substitutional in Cu, but W no
longer occupies regular Cu lattice sites. We have
as yet no detailed understanding of why W implanted
into Cu can be 100% substitutional at low concen-
trations with little lattice damage but produce a
disordered layer of W in Cu, with no regular W
lattice sites, for the higher concentrations.

For the two nonmetal implantations, Xe and I, the
lattice sites are very different from those ob-
served for the metallic implantations, Xe, an
insert gas, demonstrates no substitutionality;
similarly I, a halogen, although occupying regular
copper lattice sites at low doses, does not occupy
those sites for localized concentrations =1 at.%.
The disparity between the I and Xe results and
those for metals is not surprising in light of the
completely different bonding mechansims or lack
thereof.

The levels of damage observed in these samples
are very low considering the high-dose implants,
and most of the damage appears to be in the form
of a layer of dechanneling centers which is coin-
cident in depth with the layer containing the im-
planted atoms. Since the dechanneling observed
for Cu implants into Cu is much lower than that

M. POATE 13

observed for implants of heavy impurities into
copper, it is suggested that the dechanneling cen-
ters are Cu atoms slightly off normal copper lat-
tice sites due to the high localized strain near an
implanted impurity.

These studies have shown that metastable phases
are achievable by room-temperature implantation,
Future work will require correlation of lattice
site location results with measurements which
can probe the crystal microstructure in the im-
planted layer. Electron microscopy work is now
in progress to obtain such results.
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APPENDIX: REPLACEMENT COLLISIONS

As an energetic atom comes to rest in a solid
it loses energy to the solid via atomic and elec-
tronic scattering. In some collisions with the
target atoms the moving atom may displace a host
atom from its lattice site, but not retain enough
energy to escape from that site after the collision.
Such an event is called a replacement collision,
Owing to the requirement of conservation of en-
ergy and momentum these collisions are most
likely to occur at energies near the displacement
threshold energy E,.

Brice has generalized a technique due to Dede-
richs ef al.?® and derived an integral equation
which governs the probability that a replacement
collision will occur as an incident particle of en-
ergy E comes to rest in the solid. In numerical
solutions to this equation, he has used Lindhard’s
elastic-scattering cross section (which is based
on a Thomas-Fermi model of the atom) and a
maximum impact parameter of 3 the nearest-neigh-
bor distance. For low incident energies the prob-
ability of an atom experiencing a replacement
collision rises sharply from zero at E = E,/y and
then oscillates with further increases in the energy,
eventually becoming a constant at E~ 100 E,. [Here
7 is the maximum fractional energy transfer 4mm ,/
(my +m,)? in an elastic collision of incident and
target atoms.] For a copper target, the high-
energy replacement collision probabilities are
tabulated in Table II.
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