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Surface chemical state of sputtered Co—Cr films
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The Netheriands

Surface oxidation states of sputtered CogyCry, (at%) films were studied by performing Auvger Electron Spectroscopy (AES)
and X-ray Photoemission Spectroscopy (XPS). Seven samples having different thicknesses (from 50 to 1000 nm) which were
grown under the same conditions have been studied. It was found from these experiments that among alt the films the initial
oxidation occurred in the Cr; then the following diffusion of the Co was observed at the top layer. Consequently the surface
consists of a four-layered structure. A weak thickness dependence in the films of the oxidized region was found from the
results of AES measurements. The change of the saturation magnetization through the sample was calculated using the results
of AES and XPS data. These calculations show that a region with enhanced saturation magnetization can be expected under

the non-ferromagnetic top layer.

1. Introduction

Sputtered Co—Cr films are considered to be one
of the materials showing great promise for appli-
cations as high-density perpendicular magnetic re-
cording media [1]. Recently interest in the surface
has become more important because the actual
medium thickness will decrease continuously for
the purpose of higher-density recording.

In order to understand the complex system of
the Co—Cr medium in more detail a great deal of
effort has been spent on the study of the surface
magnetic behaviour [2-6]. Although much knowl-
edge about the influence of Cr content, substrates
and deposition parameters on magneto-optical
parameters has been revealed, a lack of sufficient
data about the chemical state of the surface makes
it difficult to interpret the results [7~13].

Several studies have been performed in the past
to determine the nature of the oxygen layer in
Co—Cr. At the end of the 1960s, Kofstad and Hed
[14-16] studied the oxidation behaviour of bulk
Co—Cr at high temperatures (between 900 and
1200°C). A duplex oxygen scale, i.e. an outer
CoO layer and an inner CoQ layer with inclusions
of Cr,0, and CoCr,Q,, was observed. The devel-
opment of cracks and pores during the annealing

process is largely influenced by the oxidation
kinetics. Recently Kitakami et al. [13] reported the
results of lower temperature annealing experi-
ments (up to 400°C) on evaporated samples.
Based on both AES and XPS depth profiling
experiments, they proposed a triplex oxygen scale
above the bulk concentration of Co-Cr: (i)
Co0/(ii) CoO and Cr,0,/(iii) Co~Cr and Cr,0,.

In this paper we will discuss the results ob-
tained by performing AES and Angle-Resolved
XPS (ARXPS) analyses on the surface of sputtered
Co-Cr samples. Special attention is paid to the
sample thickness dependence of the oxygen scale
and its possible influence on the magnetic proper-
ties.

2. Experimental
2.1. Sample preparation

All the samples were prepared by rf sputtering
on single-crystal Si (100) wafers which have a
thickness of (280 + 25) um and a diameter of 50.8
mm. The Si surface was cleaned of adsorbed layers
by glow discharge (V: —0.5 kV, I: 98 mA, P,
0.4 Pa). Seven different Co—Cr samples were de-
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posited under the conditions of the previous re-
port [17] (V;: —1.6 kV, I; 293 mA P,_: 0.4 Pa).
Under the same conditions, pure Co and Cr films
were also deposited in the same sputtering system,
as standard samples for making comparisons with
Co-Cr. The samples were stored under ordinary
atmospheric conditions after deposition. They were
cut to the size of 10 X 10 mm® for magnetic and
XPS measurements and 3 X 10 mm? for AES mea-
surements.

The characteristics of these samples are shown
in table 1. In this table the values of *1 and *3
were determined from the results of X-ray Fluo-
rescence (XRF) measurements. Using a Scanning
Electron Microscope (SEM) the values of *2 were
measured. Cr concentration in the samples was
also determined by XRF and was about 19.2 at%
in every sample.

The half-width angles (Af) from the {0002}
rocking curves were determined by X-ray diffrac-
tion (XRD) using Cu-K, radiation and appeared
to be within 2.5 to 4.5°,

2.2. Magnetic measurements

A Vibrating Sample Magnetometer (VSM) was
used for analysing the magnetic character of the
samples [5]. The perpendicular hysteresis curves
were measured, from which we determined satura-
tion magnetization (Mgysy,) and coercivity
(Hevsmy)- Mgvsmy appeared to be roughly con-
stant and independent of the film thickness which
is in agreement with previous work [4,5].

The perpendicular hysteresis curve of the
surface was also measured with a Magneto-Optic

(MO) Kerr tracer using a HeNe laser (A: 632.8
nm) {18]. Saturation Kerr rotation (#8,) and coer-
civity (Hegeery) Were strongly dependent on the
sample thickness as shown in table 1 [6].

2.3. AES analyses

The AES analyses were performed with a Scan-
ning Auger Multiprobe Model PHI-600 (Perkin—
Elmer, Physical Electronics Division) equipped
with a cylindrical mirror analyser having a coaxial
electron gun (type 25-120A: Perkin—Elmer Physi-
cal Electronics Division}. The conditions for mea-
suring were determined experimentally from pre-
experiments: i.e. primary beam energy: 3 kV, beam
current: 100 nA. The excitation beam area was
adopted in two ways; as a scanning-mode analysis
and as a point analysis; the former case was
approximately 0.2 pm? and the latter 10™% pm?%
The analysed beam area was large enough to
compare with the columnar diameter (see table 1),
therefore the results obtained from both analyses
were the same. This also means that the surfaces
of the samples show good homogeneity. Basic
pressure was below 4 X 10~% Pa,

In order to clean the film surface and perform
depth profiling, Ar* ion bombardment was car-
ried out using a differentially pumped sputter ion
gun (beam energy: 3.5 keV, emission current: 2.5
mA). The sputtering rate can be changed by ad-
justing the scanning area of the ion gun. Working
pressure during sputtering was approximately 6 X
107¢ Pa. '

Auger spectra were recorded between 30 and
2000 eV with a step width of 1.0 eV,

Table 1

Properties of the sputtered samples

Sample Thickness D, Aoer © o He 1ygm Het koo 0, ere
no. (nm) (nm) (nm) (at%) (kA /m) (kA /m) )

1 44 - 2.5 79 90 0.163
2 80 57+13 10 102 88 0.163
3 110 - 32 96 67 0.163
4 157 100+ 25 35 192 88 40 0.149
5 297 - - 38 (average) 65 9 0.123
6 611 125433 38 46 10 0.12t
7 982 150+ 50 38 40 8 0.117

® p_: columnar diameter.
& Cr,n:: Cr concentration at bulk state.
? d, thickness oxidized layer.
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2.4. XPS analyses

The XPS data were obtained by using XSAM-
800 (Kratos). A Mg anode with a photon energy
of 1254 eV from an X-ray source operating at 15
kV and 20 mA was used for measuring. C 1s, Co
2Py 25 Cr 2p; , and O 1s spectra were recorded.
Binding energies were referenced to the C 1s peak
from the contaminated carbon in the surface at
285.0 eV. Basic pressure was below 3 x 10~% Pa.

In order to obtain accurate surface-depth infor-
mation, we did not perform sputtering. This
avoided reduction of the oxide (and/or hydrox-
ide) by ion bombardment (e.g. ref. [19]). Therefore
to obtain the depth information of the sample
surface, we used ARXPS, by which it is possible
to obtain the total depth information from the top
of the surface to a certain depth by changing the
angles of the samples against the analyser. All the
specira were recorded at photoelectron take-off
angles of 20° and 90°.

Every sample was mounted without chemical
cleaning.

3. Results
3.1. Surface chemical state

Oxygen was detected at the surface region of all
the samples, which were left as received under
ordinary atmospheric conditions for approxi-
mately 2 months, After a further 5 months they
were again measured. In both cases analysed AES
results were found to be the same. It is considered
from this result that the stability of the sputtered
Co—Cr samples is good.

In order to understand the initial oxidation
process we studied the aging effect for the sample
in Ultra-High Vacoum (UHYV). In fig. 1 the AES
signals are given as a function of the kinetic
energy. An oxygen-free bulk Co-Cr spectra is
shown in fig. 1(a), which was obtained after
clean-sputtering for 15 min, The sputtering time
can be transformed into the depth values of the
samples by using a sputter rate which is nearly the
same for Co and Cr [9,10]. In this case it was
about 10 A/min for metallic state Co, Cr and
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Fig. 1. AES survey scan of Co—Cr sample (no. 7) in the
homogeneous area. In (a) the cleaﬁ-sputlered surface is shown
and in (b) the same measurement after storing for 16 h in an
UHV.

Co-Cr. In fig. 1(b) the same area was again mea-
sured after storing the sample in the AES system
for 16 h (initial state; 1 X 10™° Pa and after 16 h;
3 X 107* Pa). A clear oxygen peak, which was not
seen in fig. 1(a), can be observed after exposure
for 16 h in the UHV state. The double Cr peak
(indicated by arrow) suggests that the oxygen is
already bounded to the Cr. . ‘ .

Fig. 2(a) shows two different plots of the Cr/Co
concentration ratio at the surface region obtained
by AES depth profiling on samples nos. 2 and 7.
Fig. 2(b) shows the oxygen peak intensities of
these samples which were left for 7 months under
ordinary atmospheric conditions after deposition.
In order to calculate the Cr/Co ratio, we used a
Cr peak energy of around 529 eV and for Co one

.of 775 eV. These energies are the main peaks of

the separated three peaks of Auger LMM transi-
tions. However the Cr peak is nearly overlapped
by the oxygen peak of 514 eV. Thus if the Cr peak
is calculated by the peak-to-peak height, a strong
oxygen presence in the surface prevents the cor-
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Fig. 2. (a) Peak-to-peak ratio of the Cr 529 &V and the Co 775
eV and (b) the oxygen 514 eV peak intensity as a function of -
AES sputtering time (samples nos. 2 and 7). APPH: AES o
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value, which is suggested by Seo and Sato in ref. Fig. 3. AES depth profiles of the Co sample. Sputtering rate:

. . e .. 20 A/min.
[20], is used to obtain more accurate qualitative /min

information. Average values were obtained for
both plots after 2-4 measurements. At the same (layer) was observed. The oxygen signal reached

time we performed the same measurement on the the detection limit (fig. 2(b)) between at the Cr-
other samples (nos. 1 and 3-6) and these values poor region for the thinner sample {no. 2) and at
have approximately the same fit as those which the turning point from Co enrichment to the ho-
are drawn in fig. 2(a). ' mogeneous ratio for the thicker sample (no. 7).
Near the surface (region II in fig. 2(a)), Cr This indicates that the Cr has a tendency to
enrichment occurred in every sample, and below scgregate to the surface where it is oxidized
this region a Cr-poor {Co enrichment) region (re- (and /or hydroxidized).
gion III in fig. 2(a)) was observed. At the top of We obtained data for fig. 3 from an AES depth
the surface (region I in fig. 2(a)) very thin Cr-poor profiling study of a pure Co sample. Here the AES
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Fig. 4. ARXPS peak spectrum in the Co-Cr sample {no. 3).
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intensities of Co and oxygen are given as a func-
tion of the kinetic energy. The calculated sputter-
ing rate for metallic Co was about 20 A /min. Fig,
3(a) was obtained by measuring on an as-received
sample which was left under ordinary atmospheric
conditions for 10 days. After 7 months it was
again measured as shown in fig. 3(b). It can be
seen from these figures that the oxygen had
penetrated deeper into the sample after 7 months.

In fig. 4 the XPS Co 2p, ,,, Cr 2p; , and O 1s
spectra of sample no. 3 were measured by ARXPS.
All the binding energies were chosen according to
ref. [21] and they were also in agreement with the
previous reports [9,12]. Here the XPS intensities
are given as a function of the binding energy for
angles of 20° and 90°. The information in the
signal from the surface depends on the indicated
angle., The relative information depth from the
surface at 20° is considered to be 1/3 of that at
90°.

" At 20° the oxidized Co peak was clearly shown
and its chemical state was CoO, while Cr was
almost hardly detectable. On the other hand
oxygen existed mainly in the hydroxidized state.
Thus the top of the surface, a very thin region, is
considered to be constructed mainly of hydrox-
idized Co. At 90° the metallic state of the Co was
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seen together with the oxidized (and/or hydrox-
idized) Co but the Cr was in a state of oxide
{(and /or hydroxide). Further in the oxygen the
oxidized state was increased relative to the hy-
droxidized state. It is quite difficult in both Co
and Cr to determine whether the element is
oxidized, hydroxidized or both because of the very
shight difference of both binding energies (for Co,
ref. [21] and Cr, ref. [22]). We could not decide
from our data whether the hydroxidized state at
the top layer was only Co(OH),, double salt with
oxide and hydroxide, or both.

3.2, Surface oxidation as a function of sample thick-
ness

Fig. 5 is the calculated depth of Cr and Cr,O,
obtained from the Cr chemical shift in the AES
spectra using the method introduced by Okada et
al. [23]. The oxide thickness was obtained by
comparing the difference in the kinetic energies of
the Cr peaks which were split up into three lines
of the LMM transition peaks. In this calculation
the oxidized Cr was assumed to be only in the
form of Cr,0,. These results were calculated from
the difference of the kinetic energies of the Cr
peaks and their shifting without paying any aiten-
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Fig. 5. State of Cr in Co-Cr samples calculated from the shifts in AES specira as a function of the sample thickness. Sputtering rate:
10 A/min (as-normalized). *
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tion to the Co peaks. However, at the interface
between the end of the detected oxygen and the
metallic state, only the Cr is expected to be
oxidized. Therefore it is possible here to neglect
the state of Co.

The existence of a both metallic and oxidized
Cr was found between the oxidized top layer and
the metallic bulk region. The line in fig. 5 de-
scribes the estimated thickness of the oxygen scale.
As can be seen the thickness of the oxidized area
depends slightly on the sample thickness and is
constant for samples thicker than 15¢ nm.

The estimated thickness of the oxidized layer
(d.¢) from fig. 5 is also presented in table 1
together with the magnetic data. In the discussion
above we assumed that the sputter rate is constant
for all the samples. Calculations on the results of
Ar* ion sputtering experiments from surface to
substrate show that this is a reasonable assump-
tion.

4. Discussion
4.1. Surface chemical state

From the result of the aging effect in UHV, it is
considered that the oxidation process develops
within a very short period of time (fig. 1). The first
oxidation of Cr could be explained by the differ-
ent free energies of oxidation between Cr to Cr,0,
and Co to CoO [24]. The concentration ratio of Cr
to Co by AES peak-to-peak intensities, after 16 h
exposed to UHV (fig. 1(b)) was almost the same
as that for the as-sputtered surface (bulk state, fig.
1(a)). The equilibrium dissociation pressure be-
tween Co and oxygen is higher than that between
Cr and oxygen. And in the UHV state, the pres-
sure becomes closer to the equilibrium dissocia-
tion pressure between Co and oxygen than that
under ordinary atmospheric conditions. The affin-
ity of Cr towards oxygen is larger than that of Co
towards oxygen, therefore it is considered that the
preferential oxidation of Cr will occur.

As recognized from fig. 2, a very thin co-rich
region is observed which is considered to be
oxidized (hydroxidized) regarding the ARXPS re-
sults of fig. 4. The assumed escape depths of the

information are expected to be 5 and 15 A for 20°
and 90°, respectively. As pointed out in ref. [15],
Co cation diffusion in CoQ is about 1000-times
larger than that of Cr in Cr,0,, and the diffusion
coefficient of oxygen in CoQ is also three orders
of magnitude lower than that of Co, and that of
Cr is three orders of magnitude large than that of
oxygen in Cr,0; at a high temperature (above
1000° C). Moreover, the solubility limit of Cr in
CoO is only 1 at% at 1000° C [25]. Therefore it is
considered that after the initial oxidation men-
tioned above, the oxidation process is governed by
the selective diffusion of Co to the surface and the
Co top layer is formed as a result. The existence of
this top layer on the initial oxidized layer is con-
cluded from the results of AES (fig. 2) as well as
ARXPS results (fig. 4) and it consists of very thin
oxidized (and /or hydroxidized) Co. The XPS pat-
tern in ref, [13]), as-annealed at 315°C for 30 s,
shows good agregment with our results. However,
in their as-deposited sample, only metallic Co is
observed with oxidized Cr. The difference may be
considered to be the effect of aging, in other
words, the period between the deposition and the
analysis. ,

It can be seen from fig. 3 that the oxidation in
the pure Co develops with time. On the other
hand no aging effect was observed in the pure Cr
sample. This confirms the above-mentioned dif-
ference in diffusion coefficients. The oxidized Co-
Cr films are also stable over a long period of time.
Thus the oxidized Cr is considered to behave as a
passive layer in the oxidation process. Accordingly
the next three stages can be distinguished in the
oxidation process of Co—Cr samples.

— The initial oxidation of the first atom layers.

— Diffusion of the Co mainly through the CoO to
the surface. This Co forms the CoO top layer
on the top of the Cr,0, (Co-depleted) layer.

- A Cr,0, layer acts as a passive layer which
prevents the films from further oxidation.

Following ref. [19], we searched for the ex-
istence of Co,0, in ARXPS. However, under our
experimental conditions, it is almost impossible to
distinguish the peak-binding energy of Co,0, from
that of Co( as well as from that of CoCr,0, with
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a spinel structure which was observed at high layer of a Co-Cr sample is considered to be
temperature annealing [14-16]. mainly dominated by the hydroxidized species.
From fig. 4 the surface state is considered to be
mainly hydroxidized. The hydroxidized surface 4.2. Four-layered structure model
was reported in ref. [10]. They analysed the
sputter-cleaned surface after it had been left for Although there are several different conditions,
about 20 min under ordinary atmospheric condi- the same tendency in our results for the layered
tions. It was observed that the surface states of the model can be deduced from previous reports
Co and Cr were mainly hydroxidized, but about [7,8,13]. In ref. [7] the Co-depleted region near the
25% of the Co and Cr still remained in the metallic surface and Co-rich top layer are also observed.
states. It can also be seen in ref. [12] that the This result was obtained by annealing for about
metallic states of Co and Cr were 8.5 and 1.4 at% 10 min at 500°C in 10" Torr. In ref. [8] they
respectively after 2 days exposure to the ordinary suggest the double-layered structure, which is ob-
atmospheric conditions. The initial change of the tained by annealing at 400°C. Also in ref. [13],
surface may be attributed to be the absorption of they observe a three-layered-like structure. Only
water from the atmosphere. However, from all the the result of Swami and Haines [9] is different.
above results the surface hydroxidation occurs They observe that the surface of every sample is
within a very short time. It can be concluded that dominated by oxidized Cr in spite of different
our result has a similar tendency to the one men- annealing conditions including as-sputtered sam-
tioned above, although the specimen was stored ples. Fowler and Rogozik pointed out in ref. [10]
under ordinary atmospheric conditions for much that this difference originates from the higher Cr
longer. Therefore we arrive at the conclusion that concentration. However our Cr concentration is
under ordinary atmospheric conditions, the top almost the same (19.2 at%) as that of ref. [9], but
distribution
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Fig. 6. Schematic four-layered structure model of the cross-section of the Co-Cr sample (right side) and a qualitative distribution of
the compounds in the surface (left side).
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our samples show the surface concentration of the
oxidized Co. The only plausible explanation is the
formation of the pure Cr,0, layer in the top layer
under certain circumstances, which may prevent
the diffusion of Co to the surface. For example,
annealing in UHV may cavse the oxidized Cr
layer that is presumed from the results of fig. 1.

Oxygen was observed throughout the regions
where the Cr/Co ratio is different from that of
the bulk region. Therefore, if the Cr/Co ratio of
the sample differs from the bulk ratio, the Cr and
a part of the Co will be oxidized.

Summarising these statements we suggest that
the oxygen scale on our rf sputtered Co—Cr sam-
ples can be described by the four-layered structure
model in fig. 6. On the right side a cross-section of
the different observable layers is shown. The left
part of the figure shows a qualitative distribution
of the compounds through the film. As can be
seen from this figure, the surface contains only
Co0. Below this region Cr,0, enrichment occurs.

At around 50 A from the surface only metallic
{bulk concentratton) Co—Cr is observed.

4.3. Thickness dependence

From the results in fig. 5 we conclude that
there is no essential difference in the surface
oxidation mechanism of the samples with sample
thickness. Further, the thickness of the oxidized
region is limited. .

As clarified above, the treatment of the samples
during the period between the deposition and
analysis can have a great impact on the formed
oxygen scale. Because our samples are deposited
on a water-cooled substrate the substrate tempera-
ture will increase during the first 900 s of our
deposition process by about 200 ° C. Therefore the
first annealing process, occurring during deposi-
tion, takes place at a lower temperature for the
thinner films.

Another possible reason of the observed thick-

80 Co

Ms [arb. units]

—v— Chromium
=O= Satuwration Magnetization

Fig. 7. Relation between chemical composition and calculated saturation magnetization in Co-Cr sample (no. 7). Sputtering rate: 10
A /min, ’
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ness dependence could be the surface roughness.
If the columnar size is largely increased for the
thicker films the roughness of the surface is also
more pronounced (see table 1 for colummar size).

4.4. Correlation between chemical composition and
magnetic parameters

In table 1 the most important magnetic param-
eters are presented together with the thickness of
the oxygen scale for the samples studied. Although
d .t 15 thickness-dependent like most of the mag-
netic data presented, any conclusion about a causal
relation would be premature at this stage of re-
search.

In fig. 7 we plot the at% Cr, Co and oxygen as
a function of the distance to the surface of sampile
no. 7 using the results of AES survey scanning
throughout the film. As shown in ARXPS mea-
surements, no Cr exists at the surface of the film.
Therefore the Cr concentration at the surface is
assumed to be 0 at% in fig. 7. The saturation
magnetization was calculated from the chemical
data under the following assumptions:

— Oxygen will react with Cr to form Cr,0, (non-
ferromagnetic).

— If any oxygen is left this will dilute the Co and
decrease Mj.

— If alt the oxygen is bounded to Cr, the un-

bounded Cr will dilute the Co and decrease M.
— For the influence of oxygen and Cr on the Mg

of Co we used the linear relations [26,27]:

M =mol ¢, —2Xmol g, M;>0,

M =molc,, — 3 Xmol,, M;>0,

where:

Mg: the saturation magnetization (arbitrary

unit),

mol ,: the number of oxygen atoms,

mol ., the number of cobalt atoms,

mol ¢,: the number of chromium atoms.

As can be seen from fig. 7, these calculations
suggest the existence of a region with enhanced
saturation magnetization just under the top layer.
The presence of an oxygen layer will change the
charge distribution in the system and in this way
influence the magnetic reversal mechanism in the

sample. Note that the penetration depth of light is
about 15 nm (A = 632.8 nm), which is three times
larger than the thickness of the oxygen layer.
Therefore it will be clear that the measured MO-
properties can be largely different from those of
the bulk material. Annealing experiments in air
and MO measurements at other wavelengths (i.e.
other penetration depth) could give us quantita-
tive information about the influence of the
quadruple oxygen scale on the magnetic parame-
ters.
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