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SPUTTER-INDUCED SUBSURFACE SEGRATION IN A Cu-Ni ALLOY. L. E. Behn, S. Danyluk, and
H. Wiedersich [Phys. Bev. Lett. 43, 1437 (1979)].

As a result of a transposition of manuscript pages, the originally printed version of this Letter was
badly garbled. The resulting confusion was such that it could not be rectified by an Erratum of the
usual form 9 and theref ore the Letter is reproduced bel ow in its entirety.

Sputter-Induced Subsurface Segregation in a Cu-Ni Alloy

L. E. Behn, S. Danyluk, ~'~ and H. Wiedersich
Materials science Division, Argonne ¹tional Laboratory, A&gonne, Illinois 60439

(Received 30 Apri1 1979)

Measurements of the surface composition of a Cu-¹alloy using Auger electrons with
different average escape depths reveal sputter-induced subsurface compositional changes
at elevated temperatures which are larger than those produced directly at the surface by
preferential sputtering. The compositional gradients which are produced extend to sig-
nificantly greater depths than have been considered previously.

Sputtering with low-energy ions is routinely nomenon developed by Ho and by Lam, Leaf,
used to produce clean substrates for surface- and Wiedersich, ' subsurface effects are predicted
analysis studies and, in conjunction with many at temperatures where diffusion can promote
different techniques, to profile the chemical corn- equilibrium between the altered surface composi-
position of multicomponent alloys beneath an ex- tion and the underlying bulk alloy.
posed surface. ' Ion sputtering at elevated tem- We have used Auger-electron spectroscopy"
peratures will also play an important role in de- (AES) to monitor near surface compositional
termining the plasma contaminate level for ad- changes in situ; that is, at temperature during
vanced fusion devices. ' An understanding of corn- sputtering. A primary electron beam of 3 kV and
positional changes induced by ion sputtering is —10 p, A was used to excite the transitions. A 195-
thus of quite general interest and importance. In p, A/cm' beam of 5-kV Ar' ions in an Ar atmos-
this Letter, we report surface and subsurface phere of 6.5 && 10 Pa was used for sputtering.
compositional changes induced in a Cu-Ni (40- The specimens were resistance heated. The re-
at. % Ni) alloy during ion sputtering at tempera- lationship between alloy composition and AES
tures between 50 and 600 C. peak-to-peak ratios at appropriate transition en-

Surface compositional changes during ion sput- ergies has been established for Cu-Ni alloys by
tering near room temperature have been observed Goto ef 4.' with use of coevaporation of the pure
in many alloy systems, an effect which is called materials onto liquid-nitrogen-cooled substrates.
preferential sputtering. Sputtering of Cu-Ni al- Four Auger peaks were monitored, Ni transi-
loys at room temperature is known to preferen- tions at 102 and 716 eV (double peak) and Cu tran-
tially remove Cu to a degree which is consistent sitions at 106 and 920 eV. Although the Cu(106
with the sputtering yield ratios of pure Cu and eV) and Ni(102 eV) transitions overlap, ratios of
Ni.' However, only very limited information these signals can also be converted into composi-
exists on elevated-temperature sptittering effects, tions. ' The escape depths of Auger electrons
and no direct experimental information i.s avail- vary with energy. Electrons from the low-energy
able on subsurface changes' at elevated tempera- ( 100 eV) transitions have a mean free path of

0
tures. In recent models of the sputtering phe- - 4 A, while those from the high-energy transi-
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tions (700-1000 eV) have a mean free path of - 15
0
A. ' The low-energy transitions are therefore
more sensitive to the composition of the first few
atom layers. The high-energy transitions aver-
age the composition over several additional atom
layers.

The results of the in situ measurements can be
summarized as follows. At temperatures below
300 C, measurements of the low-energy Auger
transitions (- 100 eV) show that the Ni concentra-
tion in the top few atom layers rises quickly
(within 1 minute) to 60-at. %%uoN i duringsputter-
ing, then remains constant during further sputter-
ing. Above 300 C, increasingly longer times are
required before the Ni concentration becomes
constant within experimental error. However,
the measurements show that the composition of
the top few atom layers eventually approaches- 60-at. '%%uo Ni regardless of temperature. Ratios
of the peak-to-peak heights of the Ni and Cu low-
energy Auger transitions measured during sput-
tering at 600'C are shown in Fig. 1 as a function
of sputtering time.

Ratios of the Ni(716 eV) to Cu(920 eV) signals
measured during sputtering at different elevated
temperatures are shown as a function of sputter-
ing time in Fig. 2. Measurements of these high-
energy transitions obtained at 50 and 200'C fall
together on a line parallel to and just slightly be-

low (average ratio ™0.4) the 300 C results. The
corresponding Ni concentration" is shown on the
right-hand ordinate. At sputtering temperatures
below 300'C, the concentrations derived from the
high- and low-energy transitions are practically
identical. The average Ni concentration in the
top several atom layers of the Cu-Ni (40 at. %)
specimen rises quickly to 60-at. % Ni, then re-
mains constant within experimental error during
further sputtering. Above 300 'C, two additional
effects appear. The degree of Ni enrichment de-
termined from the high-energy transitions in-
creases as the sputtering temperature is in-
creased, and a slow, monotonic increase in the
Ni concentration is observed for long periods of
time as sputtering is contained at a fixed tempera-
ture.

The results from the low-energy Auger transi-
tions demonstrate that the Ni concentration in
the uppermost atom layers approaches an appar-
ently steady-state value near 60 at. % early in the
2-h sputtering period, and that this value is prac-
tically independent of temperature between 50 and
600 C. The results from the high-energy transi-
tions (Fig. 2) reflect the average composition of
a considerably thicker surface layer. They re-
veal that above 300'C, the subsurface is enriched
in Ni considerably more than the 60 at. '%%uo found
for the uppermost atom layers, that the subsur-
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FIG. 1. Peak-to-peak ratios of the lovrer energy
¹i(102eV) and Cu(106 eV) Auger transitions as a func-
tion of time measured during sputtering at 600'C. The
corresponding ¹iconcentrations, indicated on the
right, are in accord with Ref. 8.
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FIG. 2. Peak-to-peak ratios of the higher-energy
transitions, ¹i(716eV) and Cu(920 eV), as a function
of time during sputtering at different temperatures.
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face Ni enrichment is still increasing after 2 h
of sputtering, and that the degree of subsurface
Ni enrichment increases markedly with tempera-
ture. If the sputtering gun is turned off while the
specimen is maintained at an elevated tempera-
ture, the subsurface effects are observed to an-
neal out, clearly demonstrating that they are in-
duced by the sputtering. Oxygen signals were be-
low the detection limit (~1 at.%) during sputtering.

To obtain further information about the extent
of subsurface segregation induced by sputtering,
the following additional data were taken. The
sputtering and heating currents were stopped
simultaneously after the 2-h sputtering period.
At 600 'C, this produced a drop in specimen tem-
perature to - 400 'C after 10 s, to - 300 C after
60 s, and to below' 50'C after 1800 s. The Auger
transitions of Cu(920 eV) and Ni(716 eV) were
subsequently measured after sputtering the speci-
men at room temperature for various periods of
time. The high-energy transitions were chosen
because their larger magnitudes can be measured
with greater accuracy. The results of these
measurements are shown in Fig. 3. Composi-
tions have not been included on the right-hand
side of this figure to emphasize that these curves
are not simple composition versus depth profiles.
Both preferential sputtering and subsurface mix-
ing occur during the room-temperature sputter-
ing; they alter the concentration gradient in-
duced during elevated-temperature sputtering.
However, the depths of temperature-dependent
sputter-induced changes can be deduced from the
depths to which deviations occur between the
curves obtained after sputtering at different ele-
vated temperatures.

A comparison of the Auger ratios measured
immediately after cooling to room temperature
and at the end of the sputtering period (Fig. 2)
shows that the cooling rate was not sufficient to
prevent some readjustment of the surface compo-
sition during cooling from the higher tempera-
tures. However, the most striking feature of Fig.
3 is the depth to which sputter-induced segrega-
tion occurs at the higher temperatures. Devia-
tions from the bulk composition are evident for
sputtering times at room temperature of up to
-5&&10' s for the specimen which had been sput-
tered for 2 h at 600'C, and up to-1.5&&10' s for
the specimen which had been sputtered for 2 h
at 500 C. The sputtering rate used to obtain the
results in Fig. 3 is ™6A/s. After 2 h of sputter
ing at 500 and 600 C, subsurface Ni enrichment
therefore extends to depths of - 1 and 3 pm, re-
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spectively. These large depths indicate that ap-
preciable diffusion occurs at temperatures above
300 C due to mobile point defects created by the
sputtering process.

These results lead to the following description
of compositional changes which occur in the Cu-
Ni alloy during sputtering. Both the low- and
high-energy Auger transitions, which sample
depths of a few and several atom layers, respec-
tively, yield the same degree of Ni enrichment
after sputtering for short periods of time at tem-
peratures up to 300'C. This result has previous-
ly been reported for room-temperature sputter-
ing, "and leads to the conclusion that sputtering
below 300 C quickly produces a steady-state al-
tered layer whose composition is constant over
a depth which is greater than the -15-A escape
depth of the high-energy transitions. Although
the surface concentration eventually approaches
a value of - 60-at. % Ni regardless of tempera-
ture, Ni enrichment in the subsurface region ex-
ceeds that of the surface during sputtering above
300 C. To our knowledge, sputter-induced sub-
surface segregation in excess of that found at the
surface has not been observed or predicted pre-
viously. We believe that the subsurface Ni enrich-
ment peak results from Gibbsian segregation of
Cu towards the alloy surface.

Substantial surface enrichment of copper is
known to occur at equilibrium in Cu-Ni alloys. ' '"
At temperatures where atomic mobility is suffi-
cient to compete with the rate of surface reces-
sion during sputtering, Gibbsian segregation will
therefore tend to enrich the outermost atom lay-
er in Cu. At higher temperatures then, excess
Cu is driven to the surface via the Gibbsian ad-
sorption driving force. This excess Cu is con-
tinually removed by preferential sputtering. Even-
tually, sufficient Cu depletion (Ni enrichment) oc-
curs in the subsurface region so that the rate at
which the additional Cu is supplied to the surface
is reduced, and the composition of the outermost
layer approaches the same value for all tempera-
tures. At equilibrium, the Gibbsian adsorption
layer is extremely narrow, "extending only one
or two atom layers into the specimen. As Cu de-
pletion occurs in the atomic layers immediately
beneath the surface layer, a concentration gradi-
ent begins to build toward the interior of the spec-
imen. This gradient provides a long-range driv-
ing force for Cu diffusion toward the near-sur-
face, Cu-depleted zone. Sputter-induced point
defects enhance the diffusion. The result is a
subsurface maximum in the Ni enrichment (Cu
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FIQ. 3. Peak-to-peak ratios of the higher-energy transitions measured after sputtering for various periods of
time at room temperature. Each specimen had previously been sputtered for 2 h at the indicated temperature.
Above 300 G, an, increase in the sputtering temperature produces an increase in the depth of Ni enhancement.

depletion), followed by a long Ni-enriched (Cu-
depleted) tail which penetrates deep into the spec-
imen. Because of the deep penetration of the
gradient, long sputtering times are required to
reach steady state at. the higher temperatures.
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