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Cr–O–Al thin film mixed oxides grown on Si (100) substrates by reactive magnetron sputtering using differ-
ent target compositions from 90% Cr (10% Al) to 10% Cr (90% Al) and oxygen fluxes in the range from 0 to
15 sccm have been investigated using ex situ XPS, XPS depth profiles and ARXPS. The chemical information
obtained with XPS as well as the observed chemical shift of the Cr 2p, Al 2s and O 1s bands points to the for-
mation of mixed substitutional Me2O3 oxides (Me=Al+Cr) instead of the formation of single oxide phases.
Compositions and stoichiometries obtained from concentration depth profile measurements (CDP) simulta-
neously using XPS and Ar+ bombardment confirm the formation of such a type of substitutional mixed ox-
ides. ARXPS allows ruling out oxygen preferential sputtering during Ar+ bombardment. Finally, it is shown
that the optical properties of the films like their refractive index can be controlled through their chemical
composition.
rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The enormous development of thin film deposition and character-
ization techniques has led to a big progress in different scientific and
technological areas like corrosion, catalysis, electronics, optical appli-
cations, etc. [1–7]. Nowadays, the synthesis and characterization of
mixed oxide thin films is a field of interest because the properties of
the formed compound can be improved with respect to those of the
individual oxides and adapted to specific requirements by modifying
the thickness, structure, porosity, morphology and composition of the
film [6]. It is expected that not only the refractive index, but also other
properties of the mixed oxide, like its band gap or its electrical per-
mittivity, be somewhere in between those of the pure oxides in
such a way that materials with properties not available for pure ox-
ides can be obtained. Since chromium oxide (Cr2O3) is the hardest
oxide that also exhibits low friction coefficient, high wear and corro-
sion resistance, chemical inertness and good optical characteristics
[8–10], Cr–O–Si and Cr–O–Al are, among the different mixed oxides,
very good candidates to be used for tribological applications (protec-
tive coatings), optical applications (solar absorber materials), micro-
electronic applications, etc. [11,12]. In a recent publication, we have
presented experimental results on the growth of thin film Cr–O–Si
mixed oxides by reactive magnetron sputtering to be used as optical
coatings in which we have been able to vary the refractive index of
the mixed oxides in a controlled way between those of each of their
constituent single oxides [13]. Therefore, as a continuation of this previ-
ous publication, the purpose of this work is to explore the synthesis of
Cr–O–Al mixed oxides by reactive magnetron sputtering using X-ray
photoelectron spectroscopy (XPS) and angle resolved X-ray photoelec-
tron spectroscopy (ARXPS) as analytical tools. The BE shift of the XPS
bands associatedwith Cr, Al andOhas beenused alongwith ellipsometry
measurements to conclude the formation of ternary compounds instead
of single oxide phases. In order to obtain chemical information, the con-
centration depth profiles (CDP) of the formed films have been obtained
using XPS and simultaneous Ar+ bombardment at low energy (3 keV).
ARXPS has been used to rule out any preferential erosion during CDP
measurements. The influence of the target stoichiometry and of the oxy-
gen flux on the film composition has also been studied.

2. Experimental

Mixed aluminium and chromium oxide films were deposited on
(100) silicon substrates by DC magnetron sputtering of chromium/
aluminium compound targets with relative percentage atomic ra-
tios of Cr/Al=90/10, 75/25, 25/75 and 10/90 in a high-purity
(99.999%) argon and oxygen atmosphere. The sputtering chamber
was pumped down to a base pressure below 8.6×10−4 Pa before
letting in the gas mixture. The flux of argon was kept fixed at
80 sccmwhile the amount of oxygen in the reactive gaswas varied (be-
tween 1.25 and 12.5 sccm) for a working pressure of around 1 Pa and
100Wof DC power. Prior to the deposition of each sample, while cover-
ing the substrateswith a shutter, the targetwas sputteredwith argon for
10 min in order to clean its surface, and then oxygen was let inside the
chamber. Only after the target was oxidized (i. e. “poisoned”) was the
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Table 1
Experimental parameters used for the growth of the different coating studied.

Sample Crtarget (at.%) Altarget (at.%) O2 flux (sccm) Thickness (nm)

CrAl9010 90 10 1.25 532±16
5 36±2

12.5 33±2
CrAl7525 75 25 1.25 550±17
CrAl2575 25 75 1.25 370±11
CrAl1090 10 90 1.25 356±10

5 15±3
12.5 25±2
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shutter removed. The substrate holder, placed at a distance of 12 cm
from the target, was electrically isolated, with no bias voltage applied
externally. Likewise, no intentional heating of the substrates was per-
formed during deposition. The sputtering time was always kept fixed
at 30 min, leading to differentfilm thicknesses depending on the oxygen
flux (see Table 1) that were determined with a Veeco Dektak 150 stylus
surface profiler by measuring the height of a step left by a mechanical
mask. Spectroscopic ellipsometry was employed to determine the re-
fractive index and the absorption coefficient of the films in the visible
range (from 400 nm to 900 nm); measurements were performed with
an M-2000U ellipsometer working in the range of 250–1000 nm with
an incidence angle of 70°.

XPS spectra were measured in an ultrahigh vacuum system at a
base pressure below 8×10−8 Pa using a hemispherical analyzer
(SPECS Phoibos 100 MCD-5). The pass energy was 9 eV giving a con-
stant resolution of 0.9 eV. The Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 lines of
reference samples at 84.0, 368.3 and 932.7 eV, respectively, were
used to calibrate binding energies. A twin anode (Mg and Al) X-ray
source was operated at a constant power of 300 W usingMg Kα radi-
ation for the XPS measurements. For depth profiling, ion bombard-
ment was carried out at normal incidence using a penning ion
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Fig. 1. (a) Al 2p+Cr 3s, (b) Al 2s, (c) O 1s and (d) Cr 2p core level spectra of the Cr–O–Al
upper-right corner of Fig. 1(a). The shifts of the Al 2s and Cr 2p bands have been indicated b
source (SPECS IQP 10/63) with an ion beam energy of 3 keV, raising
the pressure to 4×10−2 Pa of Ar+. The ion beam current density,
measured with a Faraday cup that can be placed in the same position
as the sample holder, was 4.6 μA/cm2. Those experimental condi-
tions lead to an ion-beam with a flat profile greater than
~10×10 mm2. For ARXPS measurements, the sample was placed in
a sample stage with four degrees of freedom in such a way that the
emission angle can be varied between 0º and 60º in order to perform
angle resolved measurements.

3. Results and discussion

As pointed out in the experimental section, four sets of samples
have been prepared using Cr/Al targets of nominal compositions
90/10, 75/25, 25/75 and 10/90 at.% and different oxygen flux. These
samples will be denoted as CrAl9010, CrAl7510, CrAl2575 and
CrAl1090, respectively (see Table 1). XPS analysis of all the films re-
veals a thin layer of C contamination. C 1s binding energy is at
285 eV for samples without any charging effects; however, with in-
creasing Al contents, charging effects appear during XPS measure-
ments due to the insulating character of these materials and then
the measured C 1s binding energy (BE) has been used to correct
such effect [14]. The contamination layer was removed by bombard-
ing all samples with 3 keV Ar+ ions at normal incidence. It is impor-
tant to indicate that this cleaning procedure does not change the
surface stoichiometry since, as we will discuss later, Cr2O3 and Al2O3

do not display preferential erosion effects during Ar+ bombardment.
Fig. 1 shows (a) the Al 2p+Cr 3s, (b) the Al 2s, (c) the O1s and

(d) the Cr 2p core level spectra of the Cr–O–Al mixed oxides obtained
for the different target compositions and grown with an oxygen flux
of 1.25 sccm. Instead of using reference spectra for comparative pur-
poses, the binding energies of the respective core level spectra for
pure Cr2O3 and Al2O3 compounds have been indicated by arrows. As
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mixed oxides obtained for the different target nominal compositions indicated in the
y dashed lines. The band positions for Al2O3 and Cr2O3 have been indicated by arrows.
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Fig. 3. (a) Oxygen (down triangles), aluminium (full squares) and chromium (up trian-
gles) atomic concentrations as a function of the Cr (Al) target concentration measured
using XPS on the Cr–O–Al mixed oxides grown at constant oxygen flux of 1.25 sccm
after removal of surface impurities by Ar+ bombardment. (b) Oxygen, aluminium
and chromium atomic concentrations as a function of oxygen flux for two different tar-
gets: CrAl9010 and CrAl1090.
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can be observed, the Al 2p band strongly overlaps the Cr 3s band; for
this reason, we have additionally measured the Al 2s band. Moreover,
the Al 2s band also overlaps strongly with the Si bulk plasmon associ-
ated with the Si 2p band. To avoid this drawback, the Al 2s/(Al 2p+Cr
3s) ratio has been measured for the whole range of Al (Cr) concentra-
tions (see Fig. 2), in such a way that knowing the Al 2p+Cr 3s inten-
sities, the equivalent Al 2s intensities can be calculated without any
peak fitting even in cases where the overlap with the Si plasmon ex-
ists. Experimental results have been represented in Fig. 2 by full
squares and they were modeled using Eq. (1)

I Al 2sð Þ
I Al 2pþ Cr 3sð Þ ¼ A 1− exp −B×CAlð Þf g ð1Þ

Here CAl stands for the aluminiumnominal concentration, and A and
Bwere used as fitting parameters. The best fitting parameters occurring
for A=1.1 and B=0.046.

As observed in Fig. 1, the Al 2s binding energies for the compounds
are always below that of Al2O3, the Cr 2p binding energy for the com-
pounds is also above that of Cr2O3 and the O 1s BE for the compounds
is somewhere between those of Cr2O3 and Al2O3 therefore indicating
that Cr\O bonds are more ionic and Al\O bonds are more covalent
than in pure Cr2O3 and Al2O3 oxides. According to T.L. Barr [15], this
behavior can be interpreted as due to the formation of a Cr–O–Al
mixed oxide instead of the formation of single oxide phases [14,15].

To obtain the atomic concentrations of the different species for the
samples CrAl9010, CrAl7510, CrAl2575 and CrAl1090, XPS has been
used after Ar+ bombardment at 3 keV at normal incidence once the
surface impurities were removed. Fig. 3 shows (a) the O, Al and Cr
concentrations as a function of the Cr (Al) nominal concentrations
in the target for samples grown under a constant oxygen flux of
1.25 sccm, and (b) the O, Al and Cr concentrations as a function of
the oxygen flux for two different samples (CrAl9010 and CrAl1090).
As can be observed, in both cases, the oxygen concentration remains
constant at around 60%. Moreover, Fig. 3(a) shows a linear depen-
dence of Al and Cr concentration as a function of the nominal compo-
sition of Cr in the target. The linear fit (dashed line) shows that the Al
concentration decreases from 40% to 0% as the Cr concentration in the
target increases and vice versa. This indicates again the formation of a
mixed substitutional oxide of Me2O3 type, being Me=Al+Cr. In ad-
dition to that, the results of Fig. 3(b) show that the atomic concentra-
tions are nearly independent of the oxygen flux within the studied
range (1.25–12.5 sccm).

Additional information on the composition and structure of the
mixed oxide films can be obtained from the CDP obtained using XPS
and simultaneous Ar+ bombardment at 3 keV and normal incidence
[16]. Fig. 4 shows (a) the CDP measured for the sample CrAl9010
grown with 12.5 sccm of oxygen as a function of the sputtering time
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Fig. 2. Evolution of the Al 2s/(Al 2p+Cr 3s) ratio as a function of the Al nominal con-
centration in the target used for the deposition of the mixed oxide films. The points far-
thest right and left correspond to Al2O3 and Cr2O3 standards, respectively.
using the full O 1s, Cr 2p, Si 2p, C 1s and the corrected Al 2p bands
without peak fitting. It should be indicated that the concentration
scale has been calibrated using relative sensitivity factors provided
by the manufacturer [17]. This is an accurate approach for quantifica-
tion purposes since it provides the correct stoichiometry for stan-
dards of pure Cr, Al and Si oxides. Although no attempt has been
made to calibrate the depth scale, it should be indicated that the
thickness of the oxide film, measured using stylus methods, is
33 nm therefore leading to a sputtering rate of 0.5 nm/min. The CDP
of Fig. 4(a) displays three zones: for very low sputtering times there
is the initial surface where the composition is dominated by impuri-
ties like C and some segregated Si; for intermediate sputtering times
(5 minb tb66 min), it is observed the steady state characterized by
a very clean mixed oxide of which the atomic composition is ~61%
O, ~34% Cr, ~4% Al and b1% for impurities as C and Si, that is in very
good agreement with the expected theoretical values; finally, above
66 min, the CDP is characterized by a strong decrease of the O, Cr
and Al compositions and by an increase of the Si amount, represent-
ing the interface and the substrate, respectively. It is interesting to
notice the apparent increase of the Cr concentration in the interface,
displaying a relative maximum, which can be attributed to the pres-
ence ofmetallic Cr species in the interface as can be observed in Fig. 4(b)
where the CDP for Cr (Crtotal) has been plotted as a function of sputter-
ing time. In addition to that, the results of the peak fitting of the Cr 2p
band into two components associatedwithmetallic Cr (Crmetal) and ox-
idizes species (Croxide) have been also plotted.

Fig. 5 shows (a) the peak shape for Cr 2p, (b) for Si 2p, (c) for Al 2p
and (d) for the O 1s bands measured at different points of the CDP as
indicated in Fig. 4(a): point 1 (film), point 2 (interface) and point 3
(substrate). The Cr 2p band displays contributions at 574.0, 576.1
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Fig. 4. (a) Concentration depth profile for the Cr–O–Al mixed oxide thin film obtained
using target CrAl9010. (b) Idem for the Cr species obtained after peak fitting of the
whole Cr 2p band using two components, Crmetal and Croxide.
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and 578.4 eV that can be attributed to different oxidation states for
chromium, that is, metallic chromium (Cr0), Cr3+, and Cr6+, re-
spectively. The Si 2p band displays contributions at 99.3 eV and
103 eV that should be attributed to pure silicon and silicon oxide,
575580585590
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respectively, and the O 1s band shows also two contributions at
530.7 and 532 eV that should be attributed to chromium oxide
and either to Si or Al oxides [18], respectively. It is worth to note
that, at the interface (2), the Cr 2p band displays a strong metallic
contribution and the Si 2p band displays a strong oxide contribu-
tion. The severe overlap between the Al 2p and Cr 3s bands does
not allow extracting accurate chemical information from spectra
of Fig. 5c; however, since the metallic Al 2p band peaks at 72.6 eV,
results of Fig. 5c point to the oxide character of such band. The sil-
icon oxide should be attributed to the natural oxide on the surface
before Cr–O–Al mixed oxide deposition and the presence of metal-
lic Cr could be explained from thermodynamic considerations.
According to the formation enthalpy of Cr2O3 (−1134.7 kJ/mol)
and Al2O3 (−1675.7 kJ/mol) [19], the formation of Al2O3 should
occur prior to that of Cr2O3 in such a way that during the first stages
of mixed oxide deposition Cr atoms arriving to the substrate will
remain in a metallic state leading to a very thin interfacial film
mainly composed of silicon oxide, aluminium oxide and metallic
chromium.

It is well known that most binary oxides display oxygen preferen-
tial sputtering under Ar+ bombardment [20]. As a consequence of
this phenomenon an altered layer of different composition than
that of the original oxidized substrate is established on the surface,
its thickness being roughly equal to the ion range and its composi-
tion constituted by lower oxidation states of the metals. It is impor-
tant to note that there are some exceptions as for Al2O3, and some
disagreement to this rule [20,21]. In general, the published experi-
mental results show that the amount of oxygen depletion increases
with the cation mass and is in agreement with predictions put for-
ward by the linear collision cascade theory of sputtering [20]. Since
the effective attenuation lengths of Cr 2p, Al 2p, Si 2p and O 1s pho-
toelectron are similar to the thickness of the altered layer for 3 keV
Ar+ bombardment, such a type of surface modification can be easily
detected using ARXPS.

Therefore, ARXPS measurements have been carried out on bom-
barded surfaces in order to elucidate whether oxygen is preferentially
sputtered during CDP measurements or not. Fig. 6 shows the mea-
sured atomic concentrations as a function of the emission angle, on
position 1 of the CDP of Fig. 4 corresponding to the steady state
b
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ectra measured at different points of the CDP of Fig. 4(a), as indicated in the text.
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during Ar+ bombardment. As observed in Fig. 6, C concentration
(multiplied by ten for the sake of clarity) increases with increasing
emission angle from 0.6% to 2.7% therefore indicating the presence
of a very thin C layer on the instantaneous surface. To calculate con-
centrations, elemental sensitivity factors provided by the manufac-
turer [17] and corrected by the transmission function of the
operating mode of the analyzer and escape depth effects have been
used. It is well known that ARXPS measurements carried out for a
film on a substrate display an increase in the film species concentrations
with increasing emission angle [21] as in the C case. However, as ob-
served in Fig. 6, ARXPS measurements for the bombarded Cr–O–Al
mixed oxide films display a flat profile for Cr, Al and O, their respective
concentrations being equal to those of the corresponding stoichimetric
film without bombardment, therefore indicating the absence of prefer-
ential sputtering effects under Ar+ bombardment. It is important to in-
dicate that Si traces below 1% atomic concentration (not displayed in
Fig. 6) were also detected.

In a first approach, the optical and electrical properties of the
mixed oxides are expected to vary between those corresponding to
Cr2O3 and Al2O3 as has been shown for Cr–O–Si [13] and Zr–O–Si
[22] mixed oxides. With this in mind, the refractive index could be
varied, for instance, by controlling the composition of the mixed
oxide as shown above. This is a key point to obtain materials with re-
fractive indexes impossible to obtain for pure oxides. Ellipsometry
measurements in the visible range allowed us to determine both
the refractive index n and the extinction coefficients k of the films.
The oxide layers were fitted using a Cauchy model, which describes
the dispersion of the refractive index of the film as a slowly-varying
function of wavelength (with an exponential absorption tail [23]).
The values of n and k were calculated from the experimental data
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Fig. 7. Refractive index of the Cr–O–Al mixed oxide films measured at 600 nm as a
function of the Cr concentration.
(psi, ψ and delta, Δ, which describe the polarization state of the
light reflected on the surface of the film) using Eqs. (2) and (3).

n λð Þ ¼ Aþ B=λ2 þ C=λ4 ð2Þ

k λð Þ ¼ α· exp β 12400 1=λ−1=γð Þ½ �f g ð3Þ

Here λ is the wavelength expressed in nm and A, B, C, α (coeffi-
cient amplitude), β (exponent factor) and γ (band edge) are fitting
parameters. Fig. 7 shows the variation of the refractive index values
measured at 600 nm as a function of the Cr concentration in the
films for the samples CrAl1090, CrAl2575, CrAl7520 and CrAl9010
grown under a constant oxygen flux of 1.25 sccm. The refractive index
of Al2O3 and Cr2O3 is 1.7 and 2.5, respectively, at 600 nm [10,24],
although it is known that they can vary depending on the oxygen con-
tent in the film. The refractive index of our oxides lies within the
reported values, raising from 1.69 to 2.3when the amount of chromium
in the films increases. This behavior is in accordancewith the formation
of amixed substitutional oxide ofMe2O3 type, beingMe=Al+Cr aswe
mentioned before.

4. Conclusions

The synthesis of Cr–O–Al thin filmmixed oxides by reactive mag-
netron sputtering has been investigated. The target compositions
were varied from 90% Cr (10% Al) to 10% Cr (90% Al) and the oxygen
fluxes in the range 0 to 15 sccm in order to investigate the influence
of these parameters on the properties of the films. Ex situ XPS, XPS
depth profiles, ARXPS and ellipsometry were used as analytical
tools. The main conclusions can be summarized as follows: the
chemical information obtained with XPS, as well as the observed
chemical shift of the Cr 2p, Al 2s and O 1s bands, points to the forma-
tion of mixed substitutional Me2O3 oxides (Me=Al+Cr) instead of
single oxide phases. Compositions and stoichiometries obtained
from CDP using simultaneously XPS and Ar+ bombardment confirm
the formation of such a type of substitutional mixed oxides. The film
compositions are related to the target compositions but are roughly
independent on the oxygen fluxes (within the analyzed range). The
optical properties of the films as the refractive index are controlled
through the chemical composition of the film lying between those
corresponding to Cr2O3 and Al2O3. Finally, ARXPS measurements al-
lows ruling out oxygen preferential sputtering during Ar+

bombardment.
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