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The remarkable features of modem EPMA techniques are high sensitivity for very small
coverages of thin films on substrates (1014 cm-2) and a reliable quantitative determination of elemental compositions. The present work makes use of these features and combines them with ion sputtering of the sample surface to extend the capability of EPMA to real in-depth analysis in the submicron
range. The general theoretical background of this EPMA-sputter-depth profiling is worked out and
on the basis of a Monte-Carlo simulation model a technique was developed to reconstruct surface near
depth profiles by a multiple thin film model. As a result, this new approach is able to determine depth
profiles quantitatively with regard to both composition and the real depth coordinate in terms of mass
coverage. After having been verified at an artificial layer system of different Ti-Al-N-O-compounds
the new technique was used to study oxide scales which were grown on technical hardcoatings of the
type Ti1-xAlxN with different fractions x. Despite the roughness of the oxide scales and although
the structure of different oxide types was interlocked the variation of the elemental composition with
depth could be worked out quantitatively with a relative accuracy of 10%. Additionally a reasonable
evaluation of the depth coordinate in mass coverage could be attained, the results of which could be
assessed by SEM imaging of the scales in fractured samples.
Abstract.

2014

1. Introduction

Electron probe microanalysis (EPMA) combined with wavelength dispersive X-ray spectrometers
(WDS) is a very sensitive tool to detect small coverages of a chemical element on materials surfaces. With instruments commercially available the detectability ranges down to 1014 atoms per
cm2 as long as the particular element is not present in the substrate [1-3]. The coverage of these
layers, as well as their composition, can be quantified from measured and calibrated characteristic
X-ray intensities by application of appropriate matrix correction methods developed particularly
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for the quantification of single or/and multiple layer-substrate systems. For more than ten years
these techniques have been applied as routine to quantitative thin film analysis [4-8]. All EPMAtechniques presuppose that the single layers exhibit no compositional inhomogeneities over their
depth. But even if this were the case, EPMA could resolve such depth profiles under certain limited circumstances and with investment of great effort by applying many different electron energies
to scan the center of excitation over the depth of the sample [8-11].

The idea of the present paper is to combine the two advantages of EPMA - i.e. accurate
quantitative evaluation of coverages and highly sensitive detection - with a sputtering technique
as it is currently applied in Auger sputter depth profiling or crater edge linescan profiling [12].
The basic assumptions are already published by von Richthofen et al. [13] and Karduck and von
Richthofen [14] and are summarized in the following:

Assuming that a layer with compositional changes in depth is being deposited or grown on a
substrate, one EPMA-measurement suffices to determine the average composition and total coverage of the layer without the compositional changes influencing the results significantly. After
having removed a part of the layer by ion beam sputtering, the residual partial coverages of all
elements of the layer can be analysed in a second measurement. From the difference between the
two results measured before and after the sputtering, the composition and mass thickness of the
removed part of the layer can be determined. If this process is continued until the total layer is
removed the total depth profile of all elements of the layer can be compiled quantitatively. Recently this was demonstrated successfully [13]. In the present paper a further step will be made by
applying the technique to technical surfaces. Indeed, the investigation of near-surface compositional changes is of importance in various fields of materials research, e.g. in coating techniques to
improve mechanical, electrical, optical or magnetical properties of materials, but also in the investigation of oxidation and corrosion phenomena. An EPMA-technique for depth profiling would
open the availability of depth profile analysis also to those laboratories having EPMA-WDS systems but no AES, SIMS or other surface analytical tools at their disposal.
In analogy to depth profile analysis with AES two possible techniques can be applied. In the
so-called sputter-depth profiling the surface is alternately analysed by AES and sputtered by Ar+
or other ions. This enables depth profiles to be measured at a certain location of the surface
and lateral resolution to be maintained. The second technique is called crater edge linescan profiling, in which first a flat crater is sputtered to a certain depth so that the depth profile can be
measured by scanning the electron beam across the edge of the crater. Of course, in this case
lateral resolution is lost, and moreover, it is assumed that the sample is laterally homogeneous.
The advantage of this variant is that measurements can be repeated, if necessary. In the present
investigation the crater edge linescan technique is applied since up to now no microprobe analyzer
has been available with an integrated ion gun. In the following, the principles of EPMA-sputter
depth profiling (EPMA-SDP) are given, and the possibilities and limits of this method are demonstrated by analysing the composition of complex structured oxide scales formed on Tio.74AIo.26N,
Tio.46AIo.s4N and Ti0.25Al0.75N hardcoatings. To verify the results of the EPMA-SDP investigation
the composition of the oxide scale of Tio.46Alo.54N was analysed by Auger crater edge profiling in
-

addition.

2. Theoretical

Description of EPMA-SDP

2.1 GENERAL CONSIDERATIONS. atoms A with n

as

Considering a surface - near concentration profile nA(z) of
the number of atoms per cm3 we can c-alculate the emitted X-ray intensity from
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this structure by

The const takes solid angle, sensitivity of spectrometer and atomic constants into consideration.
K, the Kernel of the integral, represents the analysing probe and contains the depth distribution
of X-ray production 03A6(0393, z) and the absorption term with the z-depending absorption coefficient
j1(z). r represents the set of measuring parameters: electron energy Eo, the critical excitation
energy Eni, the angle of electron beam incidence 0 and the take off angle of the spectrometer
8. j1 depends on z because the composition of the sample varies with depth according to nA(z).
03A6(0393, z) depends also on the composition of the sample.
We now assume an experiment analogous to the technique of Auger sputter depth profiling,
in which we alternately remove a thin layer of thickness dz’ from the sample by sputtering and
measure the emitted X-ray intensity before each new sputtering step. This experiment results in
an intensity curve as a function of the sputtered depth z’ :

Regarding the sputtering process as continuous, allows the first derivative of Equation
calculated with respect to the sputtered depth z’:

(2) to be

This expression describes how the emitted intensity changes with the sputtered depth. The variation of emitted X-ray intensity with sputtered depth -dI is composed of two different contributions. The first term results from the actual surface layer of the crater with thickness dz’ and is
proportional to the concentration of the emitting element nA(z’), the thickness of the removed
layer dz’ and the surface ionization K(r, 0). The product nA(z’)· dz’ is the coverage of element A
in a layer of thickness dz’ in depth z’. In simplified terms the second contribution can be regarded
as an integral from z’ to oo over the first derivative of K(z - z’) with respect to z’ multiplied by the
concentration profile nA(z). Due to the large depth of integration in the range of some 100 nm
up to 1 03BCm the second contribution is expected to be rather insensitive to the concentration depth
profiles and thus will contribute a more or less constant background - like signal, if the compositional variations take place in depth much smaller than the electron range. This is the case for
high beam energies. If Eo is below 10 keV and if the depth, where compositional changes take
place, is of the same order as the electron range, the contribution of the second term is of a more
complex nature and can contribute strongly to the overall intensity variation with sputtered depth.
To illustrate the significance of the two terms in Equation (3) Figure 1 compares an X-ray depth
distribution K(0393, z), typical for the excitation by 3 keV - electrons, with the difference between
2.6 nm. The first term in Equation
two distributions slightly shifted against each other by z’
(3) is represented by the sharp near-surface part of the AK-curve which elucidates the surface
sensitive part of ~I/~z’. The second part of the AK-curve for z &#x3E; z’ indeed demonstrates that
the integral term in Equation (3) must be rather insensitive to the concentration depth profile,
as long as the variation of nA ( z ) takes place in depths z much smaller than the electron range.
This is due to the low variation of AK with depth and due to the high integration depth. If
nA(z) were to have only a smooth variation with z, the two terms would be approximately equal
in magnitude, which can easily be estimated from Figure 1. This very general description of the
dependence of emitted X-ray intensities on the sputter depth and the concentration depth profiles
=
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MC-calculated depth distribution of emitted 0 Ka intensity (K(z)) and difference AK between
depth distributions shifted in depth by a sputter interval of 2.6 nm. Electron energy is 3 keV Material:

Fig. 1.
two

-

Ti-Al-oxide.

is valid for both experimental techniques described above, the sputter-depth profiling as well as
the crater edge linescan profiling. But in both techniques, the depth z’ is besides the elemental
concentrations an additional unknown quantity. In analogy to AES-depth profiling z’ could be
determined separately by profiling techniques but it would be a big step forward, if also the real
depth could be deduced from the X-ray intensity measurements in one run together with the

composition.
2.2 A QUANTITATION TECHNIQUE FOR EPMA-SDP. - Up to now there has existed no closed
solution for calculating a free depth profile nA(z) without making any assumptions concerning the
shape of the profile. Attempts succeeded only for certain profiles which could be approximated by
a distribution function with a limited number of parameters. As an example this was proposed for
the EPMA of ion implantation depth profiles by Ammann and Karduck [11] who described the
profiles by Gaussian distributions. Such an approximation is not suitable for the present problem.
Therefore, following the principles described above the depth profiles of elements in surface
near structures must be reconstructed from k-ratio line scans across a wedge of a sputter crater
by the following technique:
The total depth investigated, i.e. the depth of the crater, is regarded as being divided into very
thin fictitious sublayers. The composition of each sublayer is assumed to be constant over its particular depth. A formal division of the total depth into sublayers is made by cutting the k-ratio
curves into 10 sections, in which the average of all measurements from the crater bottom represents as a first set the composition of the substrate. The 10th set of k-ratios results from averaging
all data points measured on the intact, non sputtered surface. The k-ratio curve in-between is
subdivided into 8 sets of averaged k-ratios. The reconstruction technique is based on an EPMA
thin-film quantitation method using a Monte Carlo model for the calculation of the X-ray depth
distributions [13,15]. The proposed procedure is illustrated in Figure 2: the evaluation is started
with the determination of the bulk composition of the substrate from the first k-ratio set by a
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Fig.

2.

brated

-

Illustration of the reconstruction

procedure

to calculate

quantitative depth profiles

from cali-

X-ray intensities (k-ratios).

conventional matrix correction procedure. The second set of k-ratios measured at position 1 in
Figure 2 can be evaluated by established thin film techniques and gives the composition and coverage of the first sublayer situated on top of the substrate. The formerly calculated composition
of the substrate is kept constant and only composition and mass coverage of the sublayer in question are determined. The results obtained so far are fixed and stored for the further steps. In
the nth step of the evaluation only the k-ratio difference kn - kn-l contributes to the determination of coverage and composition of the nth sublayer, the structure below is always kept fixed in
this quantitative evaluation. In an iteration procedure only the layer parameters of the particular
layer are varied as long as calculated k-ratios are in best possible agreement with the measured
k-ratios. As criterion for convergence the minimization of the root mean square value (RMS)
between measured and calculated k-ratios is used.
As a result the coverage of element A in the nth sublayer can be calculated from the intensity
ratio kn as follows:

In this

equation we

assume

the

depth

increment

dZn

to be very thin

compared to

the electron

range at the chosen beam energy.
The integral represents the intensity emitted from the structure below the sublayer of interest.
This integral can be calculated numerically from the evaluation results obtained in the steps 1 to
n - 1. If we abbreviate it by I~zn we can write the coverage of element A in the nth sublayer as

with 1s

being the intensity of the standard.

evaluation 1s and I~zn are calculated by a Monte Carlo simulation [16]. This procedure
provides full quantification of both, the coverage of the sublayer and the composition. Finally the
depth of the sublayer can be calculated by simple summation of the determined thicknesses of all
layers above the one in question. A priori information about the shape of the crater is not required
for the evaluation. The partition of the total depth investigated into a limited number of fictitious
sublayers sets a limiting factor to the depth resolution of the technique. In the present case we
have also neglected the dependence of the kernel K on the composition of the structure, i.e. the
influence of n(z) on 03A6(z - z’). But this is tenable because in the present structure the changes in
composition do not lead to significant changes of 03A6.
For

an
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3.

Experimental

The Ti1-xAlxN films were deposited on high-speed-steel substrates (S6-5-2) using a HV single cathode reactive dc-magnetron (type PK75) sputtering ion plating system (type Z400, Leybold AG). The following experimental conditions were chosen: dc-power: 400 W corresponding
6 W cm-2; bias: -60 V; substrate temperature: 400 ° C; Ar-pressure: 1.2 x 10-2 mbar; N2 pressure : 0.84 x 10-3 mbar using the 75/25-target (Ti0.74Al0.26N), 1.08 x 10-3 mbar using the 50/50target (Tio.46Alo.54N) and 25/75-target (Tio.2sAlo.7sN). Composition of the compound-targets in
atomic ratio Ti/Al.
Oxidation of the Ti1-xAlxN films was carried out in a horizontal SiC-tube furnace (Hartung)
by flowing synthetic air at a temperature of 770 ° C for a time of 1 h. The flowrate was 2000 sccm,
and the pressure inside the furnace slightly above 1 atm. The temperature of the samples was
measured by a Ni/CrNi thermocouple attached to the silica sliding carriage which enabled a quick
transfer of the sample into and out of the furnace.
EPMA measurements were carried out with a Came3.1 EPMA CRATER EDGE PROFILING.
bax SX50 microprobe analyser equipped with 4 wavelength dispersive spectrometers. The measuring conditions applied throughout the present study were:
Primary electron energy: 2.5 keV, 5 keV and 10 keV; beam current: 120 nA; counting time:
20 s. For analyses in this low voltage regime we used 0 Ka, N Ka, Ti La and Al Ka-lines. As
spectrometer crystal for the analysis of N and 0 a synthetic multilayer of W/Si/W/Si.... with 2d
spacing of 6.18 nm was used. For the measurements across the sputter crater the electron beam
was defocussed to 10 film to compensate for local inhomogeneities in the element distribution
and for effects from selective sputtering. The X-ray signals were calibrated by measurement on
the following standards under constant conditions: pure freshly polished aluminium for Al Ka,
TiN or Fe4N for N Ka, Ti or TiN for Ti La, and an electrically conductive BaFel20l9 for 0
Ka. The problem of the Ti Ll overlap with N Ka was corrected by a procedure offered in the
Camebax software, in which the overlapping Ti Ll signal is recalculated from a measurement on
a Ti-standard like pure Ti or TiC and subtracted from the sum signal measured on the unknown
sample. Matrix effects are considered in this correction. The intensity ratios for all elements,
i.e. the data base for the data reduction in the EPMA sputter depth profiling, were measured
across the wedge of a very flat sputter crater by a conventional step scan. It started at the intact
surface of the sample and ended at the bottom of the crater where the oxide layers were completely
removed from the hard coating. The measurements at the bottom of the craters can be regarded
as representing the bulk composition of the hard coating and could be quantified by conventional
matrix correction procedures. Since the wedges were extremely flat the linescans ranged over
about 3 mm. Thus the beam diameter of 10 03BCm did not limit the final depth resolution of the
-

technique.
The composition of the hard coatings before oxidation was determined by a thin film EPMA
technique according to Ammann and Karduck [16] based on Monte Carlo simulation. This was
chosen to differentiate between the oxygen fraction incorporated in the hard coating and a contribution from possible thin oxide layers at the surface.
3.2 AES CRATER EDGE PROFILING.
Additionally AES crater edge line-scan profiling was
carried out to determine the composition of the oxidic scale with depth formed on the Tio.46Alo.54N
film using a Cameca Nanoscan 50 Auger microprobe. The microprobe was equipped with a low
energy electrostatically focused field emission electron gun, a semi imaging energy analyzer (type
MAC3) working in the direct mode, a X-ray source and an Ar+ ion beam gun.
-
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Fig. 3.

Results from crater-edge linescans at oxidized Tio.46Alo.54N, plotted versus the real distance along
the line: a) Quantified AES linescan. b) EPMA-linescan of k-ratios measured with 2.5 keV c) EPMAlinescan of k-ratios measured with 5.0 keV
-

With a defocussed ion beam operating at an incidence angle of 33° and 5 keV, 500 nA a crater
with a depth of 240 nm was sputtered through the oxide overlayer formed on the nitride coating.
The depth of the crater was determined by microprofilometry using a Dektak IIa (Sloan).
The AES crater edge line-scans were recorded in the Ipeak - Ibackground mode (P-B). The energy
of the primary electrons was 5 keV, the beam current 52 nA and the beam diameter, characterized
by the SEM resolution, was 0.5 03BCm. During the line-scan measurements the residual gas pressure
of the AES was in the low 10-10 mbar range.
The (P-B)-intensities of the following Auger lines were considered for the line-scan analysis:
N- KVV; Ti-L3M23V; O-KVV and Al-KL23L23(1D).
The quantitative analysis of the N depth distribution could be determined only with low accuracy because both the N-KL23L23 transition is superimposed with the Ti-L3M23M23 transition and
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Fig. 4.

-

Typical X-ray depth distributions of 0 Ka and Al Ka in an AI-Ti-oxide, corrected for absorption.

the peak shape of the Ti lines is modifying with the bond of Ti to N or 0. This last point is the reathat the content of Ti could be determined only with low precision too. Nevertheless the Ti,
Al, N and 0 depth distributions have been analysed by the following procedure: the overlapped
N - and Ti lines were deconvoluted and the relative sensitivity factors Si of the components i determined to convert the intensity profiles Ii (x) into concentration profiles ci (x) = Si x Ii (x). This
procedure will be published in detail elsewhere.
son

4. Results and Discussion

Figures 3b and 3c give the raw k-ratio data obtained from the linescan measurements across the
edge of a sputter crater in an oxide-layer structure grown on a Tio.46Alo.54N - hard coating. To
compare the influence of the excitation depth on the capability to resolve concentration depth
profiles, the line-scan measurements were carried out at 2.5 keV and 5 keV At 2.5 keV the EPMA
results (Fig. 3b) are in rather good agreement with the corresponding AES-crater edge profiles
(Fig. 3a). The left part of the profiles represents the surface of the oxide film which can be
identified as an A1203-layer. This layer is followed by a titanium-rich oxide with low aluminium
content. Both the AES- and the EPMA profiles do not reveal sharp transition regions and there
is no plateau in the concentration profiles in the range of the titanium oxide. The right part of
the profiles represent the composition of the crater bottom, i.e. the Ti-Al-nitride. The détails
of the single curves are nearly identical for both techniques and the transition ranges between
the A1203 and the titaniumoxide have the same width in both profiles. The rather good depth
resolution of EPMA can be explained by the low excitation depth at 2.5 keV. According to Figure 4 the depth distribution of generated 0 Ka intensity is very near to the surface. The maximum excitation takes place in a depth of 12 nm and the X-ray range is 70 nm. With 5 keV
these values increase significantly to 38 nm and 230 nm, respectively. Thus, the near-surface
X-ray production at 2.5 keV is responsible for the surprisingly good sensitivity of the EPMA signals to changes in the elements depth distributions. Of course, the information depth of AES with
a few nm is smaller than the one of EPMA, but in the particular case of oxide layers on a technical
material a possible interface roughness causes smooth transitions from one oxide type to the next,
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Fig. 5.

Results of a quantitative reconstruction of the depth profiles in oxide scales on Ti1-xAlxN hard
after 1h at 770 °C in air. a) x = 0.26, b) x = 0.54, c) x = 0.75.

-

coatings

that the structure itself is the limiting factor to depth resolution. The linescan recorded with
5 keV is shown in Figure 3c. Due to the increased depth of excitation, a deterioration of depth
resolution is to be noted, causing smoother, less pronounced profiles. But still a variation of the
k-ratios with the sputter depth is present which can be evaluated in order to obtain quantitative
data for the depth distributions.
Although the profiles in Figure 3b show a surprisingly good depth resolution, the data are not
so
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Fig. 6.

-

SEM

image of a fractured layer system of oxidized Ti0.74Al0.26N.

appropriate for further quantitative evaluation by a thin film-technique because the electrons do
not penetrate single structural elements with constant composition as the A1203-layer on the top.
But, in particular this penetration is required for the calculation of mass thicknesses of the individual sublayers, from which also the compositions are to be deduced. The penetration of single
sublayers by the electrons is a basic prerequisite to apply the thin film quantification technique,
on which the method described above is based [13].
So far the qualitative or semiquantitative results (AES) shown in Figure 3 give only tentative
information about the oxide structure and the composition with depth. A general drawback of
both linescanning techniques is that the profiles contain no quantitative, nor even no qualitative
or at least linear information about the real depth of each analysis point on the crater edge. Thus,
the shape of the crater strongly influences the profiles and therefore distorts most of the depth
information.

By applying the quantification technique described above to the k-ratio data obtained at 5 keV
and 10 keV the depth profiles shown in Figures 5a-c could be deduced. The part of the linescans in
Figure 3 with slopes 54 0, i.e. the range corresponding to the wedge of the crater, was subdivided
into 9 fictitious sublayers giving 9 quantified depth elements. Each depth element was quantified
with respect to composition and mass thickness (coverage). Plotting the resulting single element
concentrations versus the sum of mass thicknesses down to the depth element in question results
in real depth profiles as shown in Figure 5 for three different oxidized hard coatings AlxTi1-xN,
with x 0.26, x 0.54 and x = 0.75. In the first two cases with low or medium Al-content in the
hard coating, an aluminium oxide is detected as the top oxide layer. Below this a transition zone
0.26 shows
appears with decreasing Al-content and increasing Ti-content. The coating with x
a transition zone of 20 03BCg/cm2 width (~ 65 nm) after which an aluminium-free titanium oxide
follows. According to the quantitative values this oxide can be attributed to be of the type Ti02.
Additionally this oxide structure shows an indication of small Ti-traces on the surface which were
=

=

=
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confirmed by XPS-analysis. Thé coating with medium Al-content x
0.54 is also covered with
an aluminium oxide on top of the scale. Due to the higher aluminium content of this hard coating
the depth profile in Figure 5b reveals still 10 at.-% Al in the titanium-rich oxide and the transition
zone between the two oxide types is larger and stretches over 27 03BCg/cm2 (~ 90 nm). These transition zones can be explained as regions containing a mixture of both oxide types adjoining this
zone which could be designated as a meshed structure. This is demonstrated in Figure 6 by an
SEM image of the fractured oxide scale on the hard coating with x
0.26. The transition zone is
larger the higher the Al-content of the hard coating. The Al-rich coating with x 0.75 produced
an oxide scale completely composed of a mixture of Al- and Ti-oxides with a smooth gradient in
Al- and Ti-contents (Fig. 5c). The Ti-content drops from 12-13 at.-% at the interface between
hardcoating and scale down to 1-2 at.-% at the surface. A comparison of the three different profiles shown in Figure 5 reveals, that the influence of the original composition of the hard coating
is clearly resolved by the new EPMA-technique. The lower the Al-content of the hard coating,
the stronger the tendency to form separate pure oxide layers wilh A1203 on top and Ti02 near
the substrate. With increasing Al-content of the hard coating the transition region between both
pure oxides becomes wider, indicating a meshed structure. For the high Al-content the whole
oxide scale consists of a mixture of both oxide types. Thus, contrary to the AES-technique, the
new EPMA sputter depth profiling method can provide quantitative depth profile data from the
X-ray analysis of complex oxide layers for the concentrations as well as for the depth coordinate.
The quantification of the EPMA data works well, although in the present case two of the three
elements analysed, Ti and Al, are also present in the coating below the oxide layer. In contrast,
the simplified quantification of the AES-data by using A1203 and the hard coating as a kind of
internal standards failed to work out the Al-content of the buried titanium-rich oxide. The information gathered from differences between k-ratios measured at different but adjacent depths
on the wedge is suflicient for a quantification of the particular depth increment of the layer. The
accuracy of the quantification is assumed to be 10% relative.
=

=

=

5. Conclusions

The combination of wavelength-dispersive EPMA with ion-beam sputtering opens up the possibility of quantitative in-depth analysis in the submicron regime. Even in cases of oxide scales
on technical materials, where particular elements are present in both the scale and the substrate,
the new EPMA- sputter depth profiling is capable of determining real quantitative depth profiles.
The composition and the depth in terms of mass coverage can be évaluated in the same run. The
depth resolution is up to now restricted by the model which permits the subdivision of the total
depth of the structure into 9-16 fictitious sublayers. A prerequisite for successful application of
the technique is that the applied primary electron energy is correctly suited to the thickness of
the individual sublayers of the structure or in case of gradients to their depth of transition. In any
case the range of primary electrons should be slightly larger than these structural features. If it is
shorter, it becomes difficult or even impossible to determine the thickness of single sublayers correctly. If the range is chosen to be very large compared to the total thickness of the structure, the
technique becomes rather insensitive for the compositional changes with depth. Thus, a sufficient
degree of experience in EPMA-thin film analysis is required to chose the right parameters.
The accuracy attained in the quantitative evaluation up to now can be estimated from the
present results to be better than 10%. The results presented are an encouragement to carry on
the development of this technique by implementing an ion gun into a X-ray microprobe analyser.
This would enable real sputter depth profiles to be acquired in-situ on one particular point of a
surface maintaining lateral resolution. But most important, it would avoid undesired oxidation of
the freshly sputtered surface during transport of the sample.
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