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Thin Al, Au, Cu, Ni, Fe, and Ta films as oxidation barriers for Co in air
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We have investigated the effectiveness of Al, Au, Cu, Ni, Fe, and Ta films with thicknesses up to 4
nm for protecting a Co surface from oxidation in air at room temperature. The distinct change in the
Co 2p4, core-level line shape observed by x-ray photoelectron spectroscopy upon the oxidation of
Co makes it a simple matter to identify the fractions of the Co that are in the metallic state and in
the oxidized state. We find that the best choices for protecting Co from oxidation are Al and Ta. We
found that Au, which is one of the most popular choices, is not particularly effective for protecting
Co. © 2003 American Institute of Physic§DOI: 10.1063/1.1543873

INTRODUCTION metals, Al, Au, Cu, Ni, Fe, and Ta, were deposited as capping
In the field of magnetic thin films, it is often necessary to Iayers. to pr.otect against OXId'atIOI’] of Co n ar. The films
' ) ! were investigated by XPS using AlKx-rays immediately
transport films through air for certain measurements or forf d = d in aft ir .
tests to be made. Very often, some protecting overlayer iater epogltlon and again after exposure to' air for varying
: ’ ?engths of time. To obtain XPS data on CoO films of varying

needed to prevent oxidation of the magnetic thin film andthickness, we reactively sputtered Co in 2(Pa G, on the

any possible modificgtion of the film_properti_es. _T_he PUIDOS&H ermal oxide. The thickness of deposited films was deter-
of the present work is to help provide a scientific basis formined by two quartz-crystal oscillators adjacent to the sub-

such choices. . ; o
In prior work, capping layers of Ag, Au, 40, and strate, and their estimated accuracy wak0%.

metal silicides were investigated with varying degrees of
success~ 4 Ag provided the poorest protection and silicides RESULTS AND DISCUSSION
the best protection. However, the silicides had to be grown at  Our analysis of the oxidation of Co is based on the very
elevated temperature in SjHjas, a procedure that is rarely different Co 24, core-level line shapes for metallic Co and
compatible with magnetic thin-film deposition equipment.CoO. This difference is illustrated in Fig. 2. Although the
Our aim is to assess the degree of protection provided tgore-level intensity is attenuated by the capping layer, we
magnetic thin films by metals that are likely to be readily found that we can collect useable spectra with capping layers
available in a deposition system. In this work, we investi-gs thick as 4 nm.
gated capping layers of Al, Au, Cu, Ni, Fe, and Ta with  when the surface layers of a Co film are oxidized, the
thicknesses up to 4 nm. A capping layer thicker than 4 nnpp,,, core level has a characteristic line shape that can easily
would probably provide additional protection, but x-ray pho- pe resolved into metallic and oxidized components. Figure 3
toelectron spectroscopfXPS) cannot probe much deeper jllustrates our approach. The Cpg, core-level line shape
than ~4 nm. for metallic Co is scaled and subtracted from the total signal
to leave the line shape of the oxidized Co. The scaling is

EXPERIMENTAL PROCEDURE

The substrates used in this experiment are Xéwm
Si(100 with a 350-nm thermal oxide on the surface. The Capping layer Oxidized Capping layer
cleaning procedure was to immerse the substrate in detergent s
solution in an ultrasonic bath for a few seconds, rinse it with S am Co CoO
distilled water, blow it dry, introduce it into our vacuum Co
chamber, and remove-2 nm of the surface by ion milling.
Next, a structure of 1-nm Ta, 5-nm Co, and a capping layer 1smTa 1omTa
of the selected material was _deposited at room temperatL_Jre Thermal oxide Thermal oxide
by dc magnetron sputtering in 0.4-Pa Ar. The structure is
shown in Fig. 1. The base pressure of the system is Si(100) Si(100)
~10 ® Pa, of which 90% is K. The Ta seed layer provides (a) )

better adhesion for the Co films. Different thicknesses of six
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FIG. 1. The multilayer structure used in this experiment. The structure be-
fore exposure to air is shown @), and the structure after oxidation by air

is shown in(b).
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FIG. 3. lllustration of separation of the metallic Co and the CoO compo-

) ) L . . nents of the Co @, core-level signal(a) a 5-nm Co film exposed to air for
subject to little ambiguity because only minor changes in the min, and(b) a 1-nm Al capping layer on 5-nm Co exposed to air for nine

optimum scaling leave a line shape that does not closelyeeks.
resemble the CoO line shape of FighR We estimate the
uncertainties of the peak areas of Co and CoO determined in
this manner to bet10%. single peak is observed at 779 eV. It is possible that this peak
In order to determine the thickness of CoO in a particu-may represent Co atoms that are not fully oxidized, but that
lar sample, we deposited CoO films of different thicknesseshare O ions with Al ions. Support for this view comes from
on Co, recorded the®, line shapes, and resolved the spec-the fact that, whenever the single-peak state is observed, it is
tra into the metallic and oxidized components. With suchsoon followed by observation of the characteristic two-peak
data as a reference, we can determine the thickness of CoCoO line shape. It seems that the oxidation front is moving
in an unknown sample to an estimated uncertainty280%.  steadily deeper into the sample. It is also possible that the
The relative intensities of the metallic and oxidized com-one-peak state may be connected with the intermixing at the
ponents in Fig. @) correspond to an oxide thickness of 1.1 interface that occurs when Al is deposited on ‘Cthe oxi-
nm. While a more detailed analysis could improve our accudation of this alloyed region may somehow be connected
racy, our goal is not to obtain highly accurate estimates of thevith the single-peak state.
CoO thickness. Instead, our goal is to establish the onset of Figures 4a)—4(d) present plots of the CoO thickness
Co oxidation so that we know how effectively the cappingversus time-in-air for four different capping layers. For an
layer protects the Co, and our simple approach seems adncapped Co film, 1 nm of CoO forms immediately in @ir
equate to meet our needs. fact, even 102 Pa Q forms 1 nm of CoO almost immedi-
An underlying assumption in our analysis is that theately). Subsequent oxidation proceeds at an exponentially
CoO/Co interface is atomically flat and sharp. Support forslower rate.
this assumption comes from the well-known phenomenon in  In most cases, subnanometer films of the capping layer
giant magnetoresistance samples that Co films scatter elesignificantly reduce the Co oxidation rate. However, more
trons more specularly after oxidization of the surface. Apparthan 1 nm is required for most capping layers to provide
ently, Co tends to oxidize in a layer-by-layer manhér. protection for any significant length of time; that is, one day.
The only capping layer for which the above assumptions  Surprisingly, Au is not a particularly good capping layer.
do not work extremely well is Al. In that case, just before thelts inertness to oxygen would suggest it might be the best.
onset of the characteristic CoO line shape in the spectra, Although we could not find any published references to its
weak feature with a distinctly different line shape appearsuse as a capping layer, we know from personal contacts that
Figure 3b) illustrates this case. Instead of the characteristidt is a common choice in protecting magnetic thin films. One
two-peak line shape of oxidized Co in FiggbRand 3a), a  advantage of using Au as a capping layer is that it does not
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20 @ (b) 0.6 nm on Fe, 0.9 nm on Co, and 2 nm on’Nie have not

E 1.5 | Al thickness 0.0 nm L Au thickness ~0.0 nm performed a thorough study of intermixing with Ta capping

g layers, but our studies of magnetization versus Co thickness

.g r 94 nm indicate that when a Ta capping layer is deposited on Co, the

3 03 L5 nm) top 0.5 to 1 nm of the Co is no longer ferromagnétithus,

© o0 Lo A0 mn it seems likely that Al and Ta intermix to similar extents on
20 magnetic thin films.

©

| Cu thickness =0.0

In Figs. 4e) and 4f), we present similar data for Fe and

Ni. Fe and Ni are unlikely to be desirable as protection layers
for magnetic thin film because of complications they would
04nm /6.8 nm create in the magnetic films they were protecting. However,

L6 nm) we present the data for the insight it provides into the time
— dependence of the oxidation of Fe and Ni films in air. We
note in passing that the reason no more than 0.5-nm Fe was
investigated as a capping layer is that an Fe Auger peak
overlaps the CopRj, peak and then interferes with the
analysis for thicker Fe capping layers. This problem could be
avoided with MgK « radiation, but this source was not avail-
able in our system.
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FIG. 4. Plots of the thickness of CoO versus time in air for the indicated The major conclusions of this work are:
thickness of(a) Al, (b) Au, (c) Cu, (d) Ta, (e) Fe, and(f) Ni. . . .
(1) XPS is a useful method of observing the onset of oxida-

tion of Co films that are protected by thin capping layers;
(2) Al and Ta capping layers provide the best long-term pro-

tection from oxidation in air, but suffer from the disad-

vantage that they intermix with the Co to a depth on the

intermix extensively with the magnetic metal on which it is
deposited, unlike Al capping layefsCu also has the advan-
tage of not intermixing extensively with magnetic thin films,

order of 1 nm; and

but, as seen in Fig.(d) it is even less successful in protect- (3) Au and C ing lavers do not intermix extensivel
ing the Co than Au. Perhaps Au layers thicker than 4 nm ua U capping fayers do not inte extensively
with Co, but only provide rather short-term protection

would be successful, but 4 nm is about the upper limit of from oxidation in air

what we can use in an XPS study. Nevertheless, an extrapo- '

lation from our data gives an important suggestion for cases |, Miliritskil and D, O. Boerma, J. Magn. Magn. Mate232, 9 (2003

in which Ag cap Iayerst are h|gh_ly deS|_rabIe. As seen in Fig.21 i 'and b. Mauri, Appl. Phys. Leti78, 2181 (2001,
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from 2- 4-nm Au. This r | hat if 1 h of W. F. Egelhoff, Jr., P. J. Chen, C. J. Powell, M. D. Stiles, R. D. Mc-
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