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Abstract
Hard x-ray photoelectron spectroscopy (HAXPES), angle-resolved x-ray photoelectron
spectroscopy (ARXPS) and x-ray photoelectron spectroscopy (XPS) with simultaneous Ar+

bombardment are used to obtain chemical information and concentration depth profiles of thin
film oxides on Cr, Al, Si substrata and to explore the capabilities of analyzing buried interfaces
at depths above 10 nm in Cr–O–Al thin films mixed oxides deposited on Si substrata. ARXPS
and HAXPES are non-destructive techniques and within the photon energy range (7.5–15 keV)
and the emission angle range (0◦–70◦) used, both techniques provide equivalent information,
ARXPS being more sensitive to the surface morphology. XPS and simultaneous sputtering
with Ar+ is a destructive technique and effects such as atomic mixing are unavoidable;
however, the comparative study with HAXPES allowed the measurement of key parameters
for the understanding of the ion–matter interaction such as the mixing extent and the interface
broadening.

(Some figures may appear in colour only in the online journal)

1. Introduction

The chemical and compositional analysis of the near-surface
region of solids and of very thin films can be carried out
using either non-destructive or destructive methods depending
on the thicknesses to be analysed. Actually, for thin films
above 10 nm the method most frequently applied to obtain
the concentration depth profiles (CDPs), that is, the thin film
composition with depth is ion sputtering in combination with
any of the surface analysis techniques [1, 2]. Among them
AES, x-ray photoelectron spectroscopy (XPS) and SIMS are
becoming the most popular. The choice of a specific technique

depends on the concrete analytical problem to be solved
although the general trend is the simultaneous use of several
techniques due to the complementary information provided
[1]. The main drawback of this approach is related to the
surface modifications produced during ion bombardment since
the sputtering process itself can alter the surface composition,
the surface chemistry and morphology because of the different
physical processes taking place during ion bombardment as
preferential sputtering, enhanced induced diffusion processes,
atomic mixing [1], etc. However, it has recently been shown
that cluster ion beams minimize the accumulation of beam
induced damage in a wide variety of organic materials [3].
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Rutherford backscattering spectrometry (RBS) has also been
used as a non-destructive method to obtain CDP. However,
RBS does not provide chemical information and the depth
resolution obtained is rather poor.

Other alternative non-destructive methods to obtain CDP
are based on the use of XPS in conjunction with the control
of the information depth. The information depth depends on
the kinetic energy of the emitted photoelectrons and on its
take off angle [4, 5]. Conventional XPS laboratory equipment
ordinarily uses Mg or Al Kα (1253.6 or 1486.6 eV, respectively
for the photon energy) and experimental setup allowing take
off angle modifications from 0◦ to 70◦. As an example, for Si
2p photoelectrons, assuming that the information depth is three
times the attenuation length of the emitted photoelectrons, an
information depth up to 8.2 nm can be obtained when Mg Kα

is used as radiation. The variation of take off angle is named
angle-resolved x-ray photoelectron spectroscopy (ARXPS)
and therefore is useful for analysing in a non-destructive sense
the very near surface of solids and very thin films [5]. The
integral equation relating measured intensities as a function
of the take off angle and the CDPs is a prototype of ill-
posed problems and different approaches have been proposed
to obtain the CDP from experimental measurements [5–7].

The kinetic energy of emitted photoelectrons and, as a
consequence, the information depth can be increased using
high brilliance synchrotron radiation sources. Recently, it
has been shown in an experiment carried out at the Spanish
CRG Spline beam line at the ESRF, Grenoble, France, that
an information depth of 50 nm can be achieved detecting
photoelectrons with 15 keV kinetic energy [8]. The technique
is named hard x-ray photoelectron spectroscopy (HAXPES), it
is also a non-destructive one and its capabilities are restricted
by the limits imposed by the high electron energy analysers in
such a way that only few synchrotron radiation facilities in the
world allow experiments using that approach [8–11]. Further
details on experimental and theoretical aspects of the technique
can be obtained in [8–13].

Also, in-depth profile information on the near surface of
the material can be obtained from the inelastic background that
appears at the high binding energy side of the photoelectron
peaks. Tougaard [14] has used this analysis to develop models
that correlate the shape (inelastic background and elastic
contributions) of photoelectron peaks with the in-depth profile
that generates them.

The purpose of this work is to explore the capabilities of
HAXPES to obtain the CDP either of buried interfaces or of
thin films to characterize Cr, Al, Si thin film oxides as well
as Cr–O–Al thin films mixed oxides through a comparative
study using ARXPS, XPS and simultaneous sputtering, and
HAXPES. As we have shown in previous works, Cr–O–Al and
Cr–O–Si thin film mixed oxides are materials of technological
interest since the refractive index of the film can be controlled
through the composition control [15, 16].

2. Experimental

Two types of samples were analysed: (1) Cr, Al and Si
native oxide films grown on bulk substrata and (2) mixed

Cr–O–Al oxide thin films deposited on Si (1 0 0) substrates
by dc magnetron sputtering using chromium/aluminium
compound targets with relative percentage atomic ratios of
Cr/Al = 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 sputtering time was always kept fixed at 30 min
and the oxygen flux was 5 sccm leading to a film thickness of
15 ± 3 nm as was determined with a Veeco Dektak 150 stylus
surface profiler by measuring the height of a step left by a
mechanical mask. Further experimental details on the mixed
oxide deposition are given elsewhere [16].

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 0◦ and 70◦ and
XPS spectra were measured in an ultrahigh vacuum system
at a base pressure below 8 × 10−8 Pa using a hemispherical
analyser (SPECS Phoibos 100 MCD-5). The pass energy
was 9 eV giving a constant resolution of 0.9 eV. The Au 4f7/2,
Ag 3d5/2 and Cu 2p3/2 lines of reference samples at 84.0 eV,
368.3 eV 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 using Mg Kα radiation.
For depth profiling, ion bombardment was carried out using
a penning ion source (SPECS IQP 10/63) with an angle of
45◦ between the normal to the surface and the ion gun axis,
and an ion beam energy of 3 keV, increasing the pressure to
4 × 10−2 Pa of Ar+. The ion beam current density, measured
with a collector that can be placed in the same position as
the sample holder, was 4.6 µA cm−2. Those experimental
conditions led to an ion beam with a flat profile greater than
∼10 × 10 mm2.

HAXPES analyses of these samples were performed at
the Spanish CRG SpLine beamline (BM25) of the ESRF,
Grenoble, France [9], using a sector of a cylindrical mirror
analyser (HV-CSA300) [12, 17] enabling working in a very
broad kinetic energy range (from few eV up to 15 KeV). A two-
dimensional event counting detector was used in combination
with the CSA analyser to reduce the counting rate. The
analyser was used with a constant energy resolution of 1 eV in
order to enhance the analyser transmission and to measure the
photoemission spectra in few minutes. It should be indicated
that high energy resolution is essential for an electronic depth
profile but not for a compositional depth profile. The overall
instrumental energy resolution results from the convolution
of the analyser resolution with the x-ray bandwidth. For the
present experiment a double crystal monochromator equipped
with Si (1 1 1) crystals was used providing an energy resolution
of �E/E = 1.5×10−4. Photon energies from 7.5 to 16.4 keV
were used to excite Cr 1s, Al 1s and Si 1s signals of the samples
(from the oxide films and the substrata). The HAXPES
measurements were performed in a geometry in which the
direction of the x-rays, the photoelectron direction towards the
analyser and the surface normal are in the x-ray polarization
plane (azimuthal angle set to 0◦). The photon incident angle
was set to 5◦ with respect to the sample surface. The electron
emission angle was fixed to 15◦, on the forward direction, from
the normal to the sample surface. Hence the angle formed
between the x-rays direction and the analyser was 100◦.
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Figure 1. HAXPES Al 1s core level spectra as a function of the
binding energy measured using different photon energies from 7.5 to
15 keV for the native Al oxide on an Al substrate.

The AFM images were taken in air using a Nanotec
microscope in tapping mode with SiN cantilevers provided
by Olympus. Different size images were recorded, all of them
with a resolution of 256 × 256 pixels.

3. Results and discussion

3.1. Thin oxide films

Figure 1 shows the Al 1s core level spectrum as a function of the
binding energy measured using different photon energies from
7.5 to 15 keV for the native Al oxide on an Al substrate. The
background was subtracted using a modified Shirley method
[18, 19] and all the spectra were normalized to their areas.
Similar results were obtained for the native Cr oxide and Si
oxide on Cr and Si substrata. Results of figure 1 display
two bands at 1565.0 and 1567.8 eV which are attributed to
the metallic and oxidized species, respectively. As observed
in figure 1 the full-width at half-maximum (FWHM) of both
bands increases with increasing photon energy, as expected
from a double crystal monochromator, in such a way that both
features remain partially unresolved for photon energies above
12 keV.

Figure 2 shows the intensity ratio Ioxide/IMetal derived from
figure 1 for the native Al thin film oxide on Al (full triangles) as
well as such ratios for the Cr (full squares) and Si (full circles)
thin film oxides as a function of the photon energy. As can be
seen, a decrease in that ratio is observed with increasing photon
energy, that is, with increasing the sampled depth. The depth
profile of constituent elements of the substrate and overlayer
film can be obtained from results of figure 2. To carry out
this task a model has to be chosen for the overlayer oxide
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Figure 2. Intensity ratio Ioxide/IMetal derived from figure 1 for the
native Al thin film oxide on Al (full triangles) as well as such ratios
for the Cr (full squares) and Si (full circles) thin film oxides as a
function of the photon energy. The oxide thicknesses obtained using
equation (3) are dAlOxide = 7.83 ± 0.5 nm, dCrOxide = 1.71 ± 0.09 nm
and dSiOxide = 0.93 ± 0.13 nm.

film, either islands or uniform film. For the island model the
photoemission intensity for photoelectrons produced from a
constituent element in the oxide layer is given by the parametric
model described in [5] by equation (1)

Ioxide = I∞
oxideθ

[
1 − exp

( −d

EAL(Ekin) cos ϕ

)]
, (1)

where I∞
oxide is the intensity for the pure bulk oxide, θ is the

island coverage, d is the island thickness, ϕ is the emission
angle given by the experimental conditions and EAL(Ekin) is
the effective attenuation length for the photoelectrons coming
from the oxide islands. Similarly, the photoemission intensity
for photoelectrons produced from a constituent element in the
metallic substrate is given by

Imetal = (1 − θ)I∞
metal + θI∞

metal exp

( −d

EAL(Ekin) cos ϕ

)
. (2)

Since oxide and metallic photoelectrons have very similar
kinetic energies and both are travelling through the oxide film,
the same effective attenuation length values are used in both
equations. The intensity ratio is then given by

Ioxide

Imetal
= I∞

oxide

I∞
metal

[
1 − exp

(
−d

EAL(Ekin) cos ϕ

)]
[

1−θ
θ

+ exp
(

−d
EAL(Ekin) cos ϕ

)] (3)

in such a way that the limit case θ = 1 provides the intensity
ratio for the uniform film case.

The intensity ratio I∞
oxide/I

∞
metal can be calculated enough

accurately using

I∞
oxide

I∞
metal

= Noxideλoxide

Nmetalλmetal
, (4)
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Table 1. Summary of numerical values.

Material SiO2 Si Cr2O3 Cr Al2O3 Al

ρ (g cm−3) 2.65 2.33 5.21 7.19 3.86 2.70
Noxide or 0.044 0.083 0.069 0.138 0.076 0.100
Nmetal (cm−3)

λoxide
λmetal

1.22 1.13 1.06
I∞
oxide

I∞
metal

0.65 0.57 0.81

Table 2. Best fit parameters for the HAXPES and ARXPS results of
figures 2 and 4.

Al Cr Si

HAXPES
Coverage (θ) 1 1 1
Film thickness (nm) 7.83 ± 0.50 1.71 ± 0.09 0.93 ± 0.13

ARXPS
Coverage (θ) 0.94 ± 0.01 0.91 ± 0.01 1
Film thickness (nm) 7.29 ± 0.27 2.52 ± 0.06 1.64 ± 0.04

where Noxide is the atomic density of metal in the oxide, Nmetal

for pure metal and the λ values are the inelastic mean free
paths (IMFPs) for electrons from metal in oxide and from
metal in metal, respectively. Values of N for metals are known
accurately which is not completely true for oxides. The oxide
bulk densities ρ used to calculate the N values for the oxides
are taken from [20] and are given in table 1 along with the
calculated atomic densities. Theλoxide/λmetal ratio is calculated
according to the approach TPP-2M of Tanuma et al [21] and
the values are also given in table 1.

Experimental results of figure 2 are fitted to the model of
equation (3) using the IMFPs also calculated from Tanuma
et al [21] in the appropriate energy range for the emitted
photoelectrons (photon energies are in the range 7.5–15 keV).
We have used here the IMFPs instead of the EAL since at the
high kinetic energies used, the values of the corresponding
EALs and IMFPs do not deviate significantly due to the weak
influence of elastic scattering. It should be pointed out that the
best fit was always reached in the limit case of θ = 1, that is,
assuming a uniform oxide film on the substrate and therefore
this parameter was fixed. The only fitting parameter was the
thickness of the film d . The best fit parameters are given in
table 2, and the results of the fitting are shown in figure 2 using
continuous lines. As can be observed, the fitting is fairly good,
indicating that HAXPES is a useful tool to obtain the CDP of
thin oxide films on a substrate.

The second strategy to obtain the CDP of very thin oxide
films is based on the use of conventional XPS (with Mg or Al
kα radiation) in conjunction with the variation of the emission
angle ϕ (ARXPS) to control of the information depth. As
pointed out before, for such experimental setup, information
depths of ∼8.2 nm can be reached for Si and therefore, looking
at results of table 2 for HAXPES, ARXPS should be also a
useful tool for analysing native oxide films on Al, Cr and
Si. The use of ARXPS should be also a valuable test for
comparison purposes.

Figure 3 shows the Al 2p bands as a function of the binding
energy for different emission angles from 0◦ to 70◦ measured
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Figure 3. Al 2p spectra as a function of the binding energy for
different emission angles from 0 to 70◦ measured on the same
sample of figure 1. The background is subtracted using a modified
Shirley method (see references in the text).

on the same sample of figure 1. Again, the background was
subtracted using a modified Shirley method [18, 19] and all
the spectra were normalized to their areas. Similar results
were obtained for the native Cr oxide and Si oxide on Cr
and Si substrata. The Al 2p band was characterized by two
peaks at 71.5 eV and 74.5 eV that are attributed to metallic and
oxidized species, respectively [22]. As can be observed, the
intensity associated with the metallic band clearly decreases
with increasing the emission angle, whereas that associated
with the oxide remains nearly constant.

Figure 4 shows the intensity ratio Ioxide/IMetal derived from
figure 3 for the native Al thin film oxide on Al (full triangles)
as well as such ratios for the Cr (full squares) and Si (full
circles) thin film oxides as a function of the emission angle. It
is worth noting that the intensity ratio strongly increases with
increasing emission angle, that is, with decreasing the sampled
depth, therefore indicating the high surface sensitivity of the
technique. The depth profile of constituent elements of the
substrate and overlayer film can be obtained from the results
of figure 4 using equation (3) as for HAXPES. The fitting
parameters are now the coverage, θ , and the thickness, d,
and the accuracy of the calculated thickness depends on the
accuracy of the EAL values used. In general, equation (3) can
be used with EAL calculated from the IMFP reduced for elastic
scattering and considering that for most practical measurement
conditions the reduction factor is around 0.9 [23]. Therefore,
experimental results of figure 4 were fitted to the model of
equation (3) using the corrected IMFP calculated using TPP-
2M [21]. The best fit parameters are also given in table 2 and the
results of the model are represented in figure 4 by continuous
lines. It should be indicated that for Si the best fitting led to
coverage values around 1.3, therefore the constraint θ � 1
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Figure 4. Intensity ratio Ioxide/IMetal derived from figure 3 for the
native Al thin film oxide on Al (full triangles) as well as such ratios
for the Cr (full squares) and Si (full circles) thin film oxides as a
function of the emission angle. The calculated oxide thicknesses are
dAlOxide = 7.29 ± 0.27 nm, dCrOxide = 2.52 ± 0.06 nm and
dSiOxide = 1.64 ± 0.04 nm.

was imposed in order to have a meaningful physical results.
As observed in table 2 the results obtained by HAXPES are
somewhat different from those obtained by ARXPS. Merzlikin
et al [24] pointed out that the roughness of the analysed
surface plays an important role to explain such differences
since the roughness of the surface smoothes out the angular
dependence of intensities, which results in underestimation of
the layer thickness. In our case, results of table 2 indicate
that this is true for the Al oxide film but not for the Cr and
Si oxides. In order to find a possible explanation, AFM
measurements were carried out on the oxide film surfaces.
Figure 5 shows the AFM images of the surface of the oxides
films on Si, Cr and Al along with some line scans indicated
on the images. For Si the surface level fluctuates between 2
and 10 nm displaying a background rather flat. The Cr surface
displays grain boundaries and a non-flat background being the
stronger oscillation between 45 and 85 nm. Finally, the line
scan corresponding to the Al image displays strong oscillations
up to 200 nm. Although for the moment the influence of
the surface morphology on the measured thickness is not
well understood, obviously such complicated and different
surface morphologies should influence quantitative results and
therefore additional works are necessary to clarify this point.
Anyway, ARXPS measurements are more affected by surface
morphology than HAXPES measurements where the geometry
is not changed [24].

3.2. Buried interfaces

Finally, HAXPES was used to probe the interface Cr–O–Al
mixed oxide/Si. We have shown recently [16] that Cr–O–Al

thin film mixed oxides grown on Si (1 0 0) substrates by reactive
magnetron sputtering are useful technological materials. From
the chemical information obtained with XPS as well as the
observed chemical shift of the Cr 2p, Al 2s and O 1s
bands we concluded in that publication the formation of
mixed substitutional Me2O3 oxides (Me= Al+Cr) instead
of the formation of single oxide phases for a broad range
of target compositions from 90% Cr (10% Al) to 10% Cr
(90% Al) which was confirmed through the compositions
and stoichiometries obtained from CDPs measured using
simultaneously XPS and Ar+ bombardment. Moreover, the
optical properties of the films such as their refractive index
are controlled through their chemical composition [16] and
therefore, the correct characterization of the film and interfaces
is an important matter.

Figure 6 shows the measured intensities-sputter time
profile of a thin Cr–O–Al mixed oxide film (target composition
Cr = 10%, Al = 90%) grown on Si measured using
simultaneously XPS and Ar+ bombardment at 3 keV. The
buried Si oxide interface and the Si substrate are also
shown. The mixed oxide film displays (not shown) uniform
composition (O 62%, Al 36% and Cr 2%). For further
information on the film composition and optical properties
see [16]. As pointed out in the experimental part, a film
thickness of 15 ± 3 nm was determined with a Veeco Dektak
150 stylus surface profiler by measuring the height of a step
left by a mechanical mask. The raw data consist of the
elemental signal intensities as a function of the sputtering time.
For quantification, the elemental intensities can be converted
to the elemental concentrations using the sensitivity factors
provided by the manufacturer [1, 16, 25]. Assuming constant
the primary-ion current density, the sputtering yield and the
atomic density of the eroded film and considering that the
interface is determined at 50% [2] of the Si intensity (t1/2),
a constant sputtering rate of 0.38±0.08 nm min−1 is obtained.

Complementary information on the above interface is
obtained using HAXPES. Figure 7 shows the intensity ratios
IAlOxide/I(Si+SiOxide) (full squares) and ISiOxide/ISi (full circles)
measured using HAXPES as a function of the photon energy
for the same sample of figure 6. Looking at depth profile
results of figure 6 such ratios should be modelled by a
single Al mixed oxide layer on the substrate (SiOxide + Si)
and by a buried silicon oxide layer between the Al mixed
oxide layer and the Si substrate, respectively. The inset of
figure 6 shows a schematic diagram of the films indicating the
different thicknesses involved. Therefore, the equations of the
parametric model can be written as

ISiOxide

ISi
= I∞

SiOxide

I∞
Si

[
exp

(
dSiOxide

EALSiOxide
Si

)
− 1

]
, (5)

IAlOxide

ISi
= I∞

AlOxide

I∞
Si

[
1 − exp

(
− dAlOxide

EALAlOxide
Al (Ekin) cos ϕ

)]

× exp

(
dAlOxide

EALAlOxide
Si (Ekin) cos ϕ

)

× exp

(
dSiOxide

EALSiOxide
Si (Ekin) cos ϕ

)
. (6)
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Figure 5. AFM images and line scans of (a) Si, (b) Cr and (c) Al surfaces.
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Figure 6. Depth profile for the Cr–O–Al mixed oxide film (target
composition Cr = 10%, Al = 90%) grown on Si measured
simultaneously using XPS and Ar+ bombardment at 3 keV: Al
species (full triangles), Si oxide species (open circles) and Si species
(full circles). The position of the Si substrate interface which is
determined at 50% of the Si intensity (t1/2) was indicated by an
arrow. The inset represents the schematic diagram of the film model.
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ISiOxide/ISi (full circles) measured using HAXPES as a function of
the photon energy for the same sample of figure 6.

Here EALs are the effective attenuation lengths, being
the subscript indicative of the element producing the
photoelectrons and the superscript of the material through
which the photoelectrons are travelling. Experimental
ISiOxide/ISi intensity ratio is fitted to equation (5) using dSiOxide

as fitting parameter. Again, we have used the IMFPs instead
of the EAL since at the high kinetic energies used both values
do not deviate significantly due to the weak influence of
elastic scattering. The ratio I∞

SiOxide/I
∞
Si is calculated using

equation (4) and the numerical values are given in table 1. The
best fitting parameter is dSiOxide = 0.94 ± 0.13 nm. The result
of the fitting is given in figure 7 by a continuous line. As can
be observed, the agreement is very good.

Once dSiOxide is calculated, we have used equation (6)
to calculate dAlOxide. A difficulty in applying equation (6)
is related to the uncertainties in the calculation of the
I∞

AlOxide/I
∞
Si ratio. We have used equation (4) taking into

account two considerations: the molecular densities of Al2O3

(0.038 mol cm−3) and Cr2O3 (0.034 mol cm−3) are very similar
and the Al–O–Cr mixed oxide is a substitutional Me2O3 oxide
(Me = Al + Cr) with only 1 Al atom per molecule [16].
Calculations within these conditions give

I∞
AlOxide

I∞
Si

= 0.458
λoxide

Al

λSi
Si

. (7)

The best fitting between experimental data and equation [6]
was obtained for dAl = 11.9 ± 0.5 nm and is represented by
a continuous line in figure 7. It should be indicated that the
thickness dSiOxide of the silicon oxide layer was fixed to the
value 0.94 nm calculated previously. The very good agreement
between theoretical and experimental results strongly supports
the validity of the proposed film model and of the hypothesis
used to calculate the I∞

AlOxide/I
∞
Si ratio.

At this point a comparison between the depth profile of
figure 6, obtained by conventional XPS and simultaneous ion
milling, and results of figure 7 is compulsory. Related to the
measured thicknesses, 15 ± 3 nm as determined with stylus
techniques and 11.9 ± 0.5 nm as determined from figure 7,
the agreement is good enough within the accuracy provided
by the stylus technique. It is worth noting that considering
the estimated sputtering rate of 0.38 ± 0.08 nm min−1, the
thickness of the Si oxide layer in the interface between the Al–
O–Cr oxide and the Si substrate, calculated from the FWHM
of the Si oxide depth profile of figure 6, is 8.2 nm. This value
is nearly an order of magnitude higher than that determined
by HAXPES results of figure 7, that is, dSiOxide = 0.94 nm.
Moreover, the interface broadening which corresponds to the
difference of the depth coordinate between 84% and 16% [2] of
the intensity change at the measured Si interface of figure 6 is
6.49 nm. This broadening as well as the differences found
in the thickness of the Si oxide interface layer measured
with conventional XPS plus ion milling and with HAXPES
should be attributed to the mixing effects taking place during
ion bombardment. When inert energetic ions impinge on a
solid surface, in addition to sputtering, there are other effects
such as atomic mixing and preferential sputtering that are
the main responsible for the observed changes of surface
composition.

In a previous paper [16] we used ARXPS to rule out
preferential sputtering effects during Ar+ bombardment of
Cr–O–Al mixed oxides grown on Si substrates. However,
atomic mixing is always present in depth profile experiments
by ion bombardment limiting the ultimate depth resolution.
The analytical treatments of mixing are based on diffusion-
like process approximations where the knock-on processes
are described by random relocations [26, 27]. Only a small
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fraction (∼1%) [28] of collisional relocations leads to sputter
erosion and therefore atomic mixing can be assumed to
redistribute the atoms within a range which is related to the
projected ion range Rp. In fact, according to the solution of the
diffusion equation the smearing of an originally δ(t)- profile is
transformed into a Gaussian distribution and a sharp interface
into an error function with standard deviation [27],

σ = R

√
Ei

6EdY
, (8)

where R is the average distance over which a permanently
displaced atom is relocated, Ei is the primary-ion energy,
Ed is the displacement energy, that is the threshold energy
for atomic displacement, and Y is the sputtering yield. For
1 keV Ar+ ions and normal incidence a value of σ = 4 nm is
given by Andersen [26] for Si. Since σ ∝ √

Ei a value of
σ = 6.9 nm can be derived for 3 keV Ar+ ions. Therefore,
the sputter depth profile is inevitably broadened with respect
to the original depth distribution by this quantity which is in
good agreement with the value measured above (6.49 nm) for
the broadening of the Si interface. In addition to that, Hofmann
[2] pointed out that, other physical effects such as ion-beam
induced roughness and information depth should contribute,
in addition to atomic mixing, to the interface broadening in
such a way that only the use of deconvolution methods with
the appropriate resolution function or profile reconstruction
methods as the MRI model [2] should allow the calculation of
the ‘true’ Si oxide layer thickness from the sputter depth profile
of figure 6. A rough estimate of the ‘true’ layer thickness
can easily be made from figure 6. Assuming the measured
FWHM of 8.2 nm for the Si oxide film and the maximum
intensity around 0.25 of the bulk intensity a layer thickness
of about 2 nm is obtained in fair agreement with ARXPS and
HAXPES results which are not altered by ion bombardment.
Consequently, we have shown that HAXPES is a powerful tool
to obtain non-destructively the CDP either of buried interfaces
or of thin films providing useful information that can facilitate
the interpretation of physical processes as atomic mixing
taking place during ion bombardment. However, to the best
of our knowledge, such experiments have not been performed
systematically.

4. Conclusions

A comparative study of HAXPES with the two main surface
analytical techniques used to obtain chemical information and
concentration depth profiles (CDPs), ARXPS and XPS and
simultaneous sputtering with Ar+, is carried out. Simple
parametric models with some hypothesis about the form
of the CDP have been put forward in order to explain
experimental results obtained for thin-film oxides on Cr, Al,
Si substrata using ARXPS and HAXPES. Both techniques are
non-destructive and, within the range used for the emission
angles (0–70◦) and that for photon energies (7.5–15 keV), both
techniques provide equivalent information, although ARXPS
seems to be more sensitive to the surface morphology. XPS
with simultaneous Ar+ bombardment and HAXPES are used to

explore the capabilities of analysing buried interfaces at depths
above 10 nm in Cr–O–Al thin films mixed oxides deposited on
Si substrata. XPS and simultaneous sputtering with Ar+ are
a destructive technique which allows obtaining the CDP but
unwanted effects such as atomic mixing and induced roughness
are unavoidable. In addition to that, the comparative study of
both techniques supports the usefulness of HAXPES to test
non-destructively such buried interfaces.
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Glogowski T, Wöll C and Grünert W 2008 Surf. Sci.
602 755

[25] CASA XPS software Ltd. v2.0 User’s Manual
www.casaxps.com

[26] Andersen H H 1979 Appl. Phys. 18 131
[27] Littmark U and Hofer W O 1984 Thin Film and Depth Profile

Analysis (Topics in Current Physics) ed H Oescherner
(Berlin: Springer)

[28] Wittmaack K 1991 Surface and depth analysis based on
sputtering Sputtering by Particle Bombardment III ed R
Behrisch and K Wittmaack (Berlin: Springer)

9

http://dx.doi.org/10.1002/(SICI)1096-9918(199807)26:8<549::AID-SIA396>3.0.CO;2-Q
http://dx.doi.org/10.1002/sia.2544
http://dx.doi.org/10.1016/j.susc.2007.12.005
http://www.casaxps.com
http://dx.doi.org/10.1007/BF00934407

	1. Introduction
	2. Experimental
	3. Results and discussion
	3.1. Thin oxide films
	3.2. Buried interfaces

	4. Conclusions
	 Acknowledgments
	 References

