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ABSTRACT

Root-mean-square diffusion distances for both vacancy
and Interstitial defects In metals can be very large at
elevated temperatures, e.g. several Mm's In one second at
500°C. Consequently, defects that escape the implanted
region at elevated temperature can produce compositional and
microstructural changes to depths which are much larger than
the Ion range. Because of the high defect mobilities, and
of the fact that diffusion processes oust compete with the
rate of surface recession, the effects of defect production
(ballistic mixing), radiation-enhanced diffusion and radia-
tion-induced segregation become spatially -parated during
ion bombardment at elevated temperature. Results of such
experimental studies in a Cu-Ni alloy are presented,
discussed and compared with predictions of a phenomeno-
logical model. Contributions to the subsurface composi-
tional changes from radiation-enhanced diffusion and radia-
tion-induced segregation are clearly identified.

INTRODUCTION

Ion beam modification of materials is not restricted to depths commen-
surate with the projected range of the bombarding Ions. At least two
fundaaentally different methods have been suggested for modifying layers
which are much thicker than the ion penetration depth. These schemes are
important, since lower lo;i energies and thicker modified layers are both
advantageous for most technological applications.

The simplest nethod for obtaining thick layers involves ion bombard-
ment of a surface on which material is simultaneously deposited. This
technique has been exploited by, for example, Greene and coworkers [1] to
produce very thick layers of various semiconductor materials. An ion-beam
mixing version of this simultaneous deposition and bombardment method would
involve deposition of two different atom species during ion bombardment.
Alternatively, a sequence of Individual steps, each consisting of the depo-
sition of a very thin layer of material and subsequent ion bombardment
could be repeated until the desired layer thickness Is attained.

A second method, quite distinct from the one described above, is to
induce modifications via point defects whicn escape from the near-surface
Implanted region into the specimen interior during Ion bonbardnent. Fluxes
of point defects can modify materials by enhancing equilibrium processes
such as aging and interdiffusion, or by inducing nonequilibriun distribu-
tions of alloying components because of radiation-induced segregation
[2]. Obviously, the mobilities and concentrations of defects in the
specimen Interior must be high If significant modifications are to occur
over appreciable depths. In this paper it will be shown that these two
conditions are apparently fulfilled in many alloy systems during low
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energy ion bombardment at moderate temperatures (300-600°C) • Results from
an experimental study of the effects of point defect penetration deep into
the interior of a Cu-40 at.Z Ni specimen during 5 keV Ar bombardment at
elevated temperatures are discussed. The results are compared with predic-
tions of a model for sputter-induced subsurface compositional changes
formulated by Lara and Wiedersiti [3J. This comparison reveals that two
processes, namely radiation-enhanced diffusion and radiation-induced
segregation, are operative at depths much greater than the ion range.

EXPERIMENTAL RESULTS

Auger electron spectroscopy (AES) and ion sputtering at room
temperature were used to depth-profile subsurface changes produced in a Cu-
40 at .31 Ni specimen by 5 keV Ar bombardment at elevated cemperatures .
Details of the experimental procedure can be found elsewhere [i]. After
5 keV Ar^bombardment at 600°C for two hours at a dose rate of 1.2 x l(r*
lona cm s , nickel enrichment extending several urn's into the specimen
was observed. (It should be noted that ~4 ym of material is removed from
the surface of the specimen by sputtering during the elevated temperature
bombardment.) Measurements of the additional nickel found at various
depths after two hours of bombardment at 500 and at 600°C are shown in Fig.
1. Here, the difference between the nickel concentration measured after
the Indicated sputtering time and that measured after sputtering deep into
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FIG. 1. Experimental measurements of subsurface nickel enrichment
produced by two hours of sputtering with 5 keV Ar ions at 500 and
at 600°C.

the bulk alloy is plotted on a logarithmic scale as a function of
sputtering time at room temperature. The sputtering rate at room
temperature is calculated to be ~0.55 • > ' , Preferential removal of
copper during sputtering of Cu-Ni alloys is well known [5] . This effect
Increases the near-surface nickel concentration measured after sputtering
to-60 at.Z Mi. However, for the conditions found in Fig. I, i.e. net
concentration changes < 152 and no abrupt change in composition with depth,
the differences in the nickel concentrations measured after sputtering at
room temperature are essentially equal to the differences which would be
obtained if no preferential sputtering occurred.



The projected range of 5 keV argon In the alloy is < 3 nm [6].
Several processes, e.g. preferential sputtering, Gibbsian segregation,
ballistic nixing, argon implantation, radiation-enhanced diffusion and
radiation-induced segregation, contribute to concentration changes in the
near-surface, implanted layer. The relative importance of these different
effects in producing the experimentally observed, nickel-enriched sub-
surface layer is discussed elsewhere [6,7] . The first data point given in
Klg. 1, however, was obtained at a depth of ~6 nm. Hence, all the nickel
enrichment depicted in Fig. 1 occurs at depths greater than the ion range,
where only the two defect-flux driven processes, i.e. radiation-enhanced
diffusion and radtation-induced segregation, can alter the composition.

The results in fig. 1 Indicate two different regions of nickel enrich-
ment extending well beneath the Implanted layer. The first region exhibits
a relatively steep drop in nickel enrichment (from ~ 15 at.Z to 6 at .7. Ni)
over depth3 extending from about 6 to ~50 nm (~90 s of sputtering), while
the second region manifests itself as a considerably shallower concentra-
tion gradient extending several urn's into the specimen.

DISCUSSION

The mobility of both vacancy and interstitial defects in metals can be
very high at elevated temperatures. This is illustrated in Table I, where
the calculated root-mean-square diffusion distances, x, for vacancy defects
with migration enthalpies, H^, of 0.6 eV (Al) and 1.1 eV (Ni) [8] are
tabulated for a diffusion time of one second. We have used:

it ' / 4Dt and D - a2 v exp [ - Hv/kT];
o o m

t is the time; an.ls the lattice parameter; vQ is the preexponential jump
frequency (5 x 10 3 s ); T Is the absolute temperature.

TABLE I. Root-raean-square diffusion distances for a vacancy In one second.

Hi .6 eV 1.1 eV

x(500°C) 63 um 1.3 urn

is(600°C) 106 urn 3.3 um

The diffusion distances for interstitial atoms, which typically have
significantly lower migration enthalpies, are of course even larger.

The surface recedes at a rate of -0.6 nm s during the elevated
temperature bonbardment as a result of sputtering; this rate is negligible
compared to th^ values listed in Table I. Of course, actual defect
mobilities demand sensitively on the degree of clustering of like
defects. However, transmission electron microscopy studies of ion
bombarded pure copper [9J and pure nickel [I0| specimens indicate that even
large defect clusters are unstable at these temperatures. A second
important consideration is that because the ion bombardment produces a
continuous source of defects In the Implanted layer, the defect fluxes into
the specimen interior are persistent. Consequently, large numbers of both
irradiation-induced vacancies and lnterstltials escape deep into the
specimen interior at temperatures > 400°C.

We have used the model of sputter-induced compositional changes
developed by Lara and Wiedersich [3) to calculate the time dependence of the
expected changes in composition beneath the Implanted layer of the Cu-40



at.X Ni alloy at 500°C. The parameters utilized In the calculations,
Including an ion current of 40 uA/cm", are the same as In Ref. 3. No
attempt was made to fit the calculated results to the experimental data by
varying parameters. The purpose here was simply to use the
phenoroenological model to gain an understanding of the basic mechanisms
responsible for the two different regions of nickel enrichment found in
Fig. 1. The results of the calculations for times of 400, 1000, 4000 and
10 s are displayed in Fig. 2. The ordinaces of Figs. 1 and 2 are the
same, i.e. the amount of subsurface nickel enrichment plotted on a
logarithmic scale. The scales of the abscissas have been chosen such that
the sputtering time in Fig. 1 multiplied by the calculated sputtering rate
of 0.55 nra s yields approximately the same scale as in Fig. 2. As in
Ref. 3, radiation-induced segregation was Included In the calculations by
assuming that the copper atoms Jump into vacancies faster than nickel atoms
do, i.e. the migration enthalpy was set equal to .77 eV for diffusion of
copper via vacancies and to .82 eV for diffusion of nickel via vacancies.
In fact, the results s' n for 10 s in Fig. 2 are identical to those shown
for 500 C in Fig. 4 of Ref. 3. Tir? calculations reveal that the
experimental bombardment time of two hours is sufficient for the subsurface
composition profiles to approach close to their steady state values.
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FIG. 2. Calculated time dependence of subsurface nickel
enrichment during sputtering at 500°C.

Qualitatively, the experimental (Fig. 1) and calculated (Fig. 2)
profiles appear very similar. Both exhibit a relatively strong and
apparently exponential decrease in nickel enrichment over the first several
tens of nanometers, followed by a significantly shallower, but again
exponential decrease extending very deep into the specimen. The slopes
characteristic of each of the two regions also appear qualitatively
similar. The main discrepancy between the calculated and experimental
results is in the absolute magnitude of the nickel enrichment in region
II. The experimental results give values of a few percent nickel at 500°C,
while the calculated enrichment is almost an order of magnitude lower.



We now turn to the question of which transport mechanisms are
responsible for the nickel enrichment found in the two regions. Region I,
which extends in the experimental profiles to a depth of about 50 nm is the
most straightforward. As stated above, several effects combine to produce
a highly nickel-enriched region over the penetration range of the argon
ions. At temperatures where sufficient atomic mobility exists, diffusion
processes enhanced by the presence of radiation-induced defects extend this
nickel enrichment beyond the ion penetration depth. Hence, the primary
mechanism responsible for Region I is radiation-enhanced diffusion. This
situation has been treated by Ho [11], and subsequently by several other
authors [12-14] . Assuming that the diffusion in the subsurface is enhanced
uniformly, the radiation-enhanced diffusion coefficient, D, can be shown to
equal the product of the altered layer thickness, <5 , which is defined as
the inverse of the slope in Region I, and the surface recession velocity,
x, resulting from sputtering. Our results yield altered layer thicknesses
in Region I of 14, 20 and 40 nm for temperatures of &00 (not shown in Fig.
1), 500 and 600°C, respectively. The corresponding radiation-enhanced
diffusion coefficients are 8 x 1 0 " , 1.2 x 10"13 and 2.2 x 10"13 cm2's"1 .
We note, however, that the above analysis ignores any contribution to
Region I from the mechanism which produces the nickel enrichment in Region
It.

Region II, to our knowledge, has never been identified previously in
low energy bombardments. We have Investigated the effects on Region II of
varying the five mechanisms contained in the model, i.e. preferential
sputtering, displacement mixing, GibbsLan adsorption, radiation-enhanced
diffusion and radiation-induced segregation. Removing the preferential
transport of copper atoms by vacancies causes Region II to disappear (Fig.
3) . Adding preferential transport of nickel atoms by Interstitials causes
Region II to reappear. Preferential transport of both copper via vacancies
and nickel via interstitials increases the absolute magnitude of the nickel
enrichment in this region. Variations in the other four mechanisms have
essentially no effect on Region II. In fact, even in the absence of all
four other effects, Region II occurs if either preferential transport of
copper via vacancies or nickel via interstitials is Included in the
calculations. We therefore conclude that radiation-induced segregation is
responsible for the nickel enrichment observed in Region II.

This conclusion is consistent vith previous studies of radiation-
induced segregation in Cu-Ni alloys. High energy ions, which create defect
fluxes from deep (~ 1 um) In the specimen toward the irradiated surface
produce a nickel enriched near-surface layer at elevated temperature which
has been observed using Auger electron spectroscopy [15j and Rutherford
backscattering [16]. That is, nickel is known to be preferentially
transported In the same direction as the defect fluxes. In the present
low-energy Ion bombardment, the high production rate of point defects in a
thin surface layer combined with the high mobilities of both the vacancy
and interstitial defects generates significant defect fluxes which
penetrate deep into the specimen interior. Preferential transport of
nickel by these detect fluxes produces a region of nickel enrichment which
extends well beyond the depths to which radiation-enhanced diffusion
processes can compete with the rate of surface recession. A similar effect
has been observed by Gudladt et. al. [17] in Cu-Be marker experiments. The
existence of these large and persistent defect fluxes at intermediate
temperatures provides a means for modifying um-thick layers during low-
energy ion bombardment.
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FIG. 3. Profiles calculated for no preferential transport via
vacancies or lnterstitials (open boxes), preferential transport of
copper via vacancies (filled circles), and preferential transport
of copper via vacancies and nickel via interstitials (open
circles) .
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