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This work reports measurements of copper surface oxidation by XRF analysis under grazing angle excitation.
The mathematical model for analyzing data is based on the usual equation for XRF intensity, corrected by the
stratified model for the layer excitation. The final expressions are fitted to the data by using the Simplex

algorithm.
Keywords: Three samples of silicon wafers with surface layers of copper were made by using the controlled-evaporation
TXJ}/QF : technique under vacuum. The final layer thicknesses were 190 A, 400 A, and 800 A. For each sample, several

measurements were carried out by performing an angular scan in the region of the critical angle for total
reflection. Different measurements were taken immediately after evaporation, after 30 min, after 1 h, after
4 h, and after 30 min in oven at 65°.

The results show small variations among the different spectra measured for each sample. The most
significant variations are observed for the first measurement (after evaporation) and the last one (after the
heating in oven). The mathematical model works correctly for a two-layer scheme but shows inconsistencies
for more complex schemes. This indicates that the stratified model is not appropriate for continuous media
due to the nature of the theoretical assumptions in which the stratified model is based. Our results show also
that the surface oxidation process takes place in the first moments of exposition to air and does not progress

Depth profiling
Stratified media

afterwards except if the sample is heated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The external total-reflection phenomenon in XRF analysis gave an
important impulse to X-ray spectroscopy. It was first noted and used
by Yoneda and Horiuchi [1] in 1971, giving place to a new
experimental method in spectrochemical analysis, the so-called
Total Reflection X-Ray Fluorescence technique (TXRF). Later, the
technique was extended to the analysis of optically prepared surfaces
and depth profiling by exciting the sample at grazing angles or
detecting the fluorescent radiation emitted at grazing angles [2,3].
These techniques are known as Grazing Incidence X-Ray Fluorescence
(GIXRF) and Grazing Emission X-Ray Fluorescence (GEXRF). The
equivalence between GIXRF and GEXRF was demonstrated by using
the Reciprocity Principle of Lorentz [4], showing that the algebraic
equations and the fitting algorithms are essentially the same.

General depth profiling analysis involves all kinds of varying
profiles, the most complex samples having a continuous variation of
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elemental composition or density with depth. For stratified media, the
propagation of X-rays at grazing angles can be calculated by
representing the sample as a stratified structure in order to obtain
analytical solution of the problem [5,6]. The density of each layer is
given by an average density of that layer, and many surface layers can
be necessary for a correct representation of the sample. This involves a
great number of mathematical operations and therefore an efficient
calculation method of X-ray propagation at glancing angles is
required. Several mathematical algorithms have been reported for
the calculations of X-ray propagation at grazing angles in stratified
media; some of them can be appreciated in Refs. [7-9].

Although the stratified model has been used to analyze continuum
profiles, this model is not completely appropriate to this kind of
medium. As it will be described in the next sections, some of the
fundamental hypothesis of the theory of the propagation of electro-
magnetic waves in stratified media are not quite fulfilled. For continuous
media the fundamental equations of XRF can be used including a new
spatial variable (the depth). This variable appears in the parameter that
takes into account the spatial (depth) profile. Perhaps, the most
advanced and accurate method to deal with these equations was
proposed by Smolders and Urbach in 2002 [10]. These authors made use
of Laplace's transforms to solve the space-varying parameter. Never-
theless, this methodology is neither simple nor very precise; the main
problem in the data treatment is the statistical noise of the experimental
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Fig. 1. Top view of the TXRF station of XRF beamline. The big arrow indicates the
direction of the incident beam, VC denotes the chamber itself, S stands for the sample
and sample holder, and D shows the head of the solid-state detector.

data and the small number of experimental points of a typical depth
profiling experiment.

In this work, we present measurements of surface oxidation of
cooper by Grazing Incidence XRF analysis. Some interesting results
were obtained regarding the depth of the oxidation layer and the
velocity of the oxidation. The experimental data were analyzed with a
standard procedure for the analysis of stratified media and the results
obtained showed a depth profile with very low spatial sensitivity. This
fact is in agreement with failure of the hypothesis of the stratified
model for continuous media.
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02—UHV FEEDTHROUGH
053—SLIDE

Detector
__ Window

2. Experimental

The sample preparations and measurements were carried out at
the Laboratdrio Nacional de Luz Sincrotron, LNLS Campinas Brazil, in
the Total-Reflection Station of the XRF beamline [11]. The electron
energy inside the storage ring is 1.37 GeV with a dipole magnetic field
of 1.65 T. This gives a critical photon energy of 2.08 keV. The natural
emittance is 100 nm-rad and the revolution frequency is 3.2 MHz for
this 93.2 m long machine.

The XRF beamline is equipped with a silicon (111) channel-cut
monochromator. It consists of a monolithic crystal with a slot in order
to expose two parallel surfaces. The white beam hits the first crystal
face and reflects X-rays with wavelength A, which satisfy the Bragg's
condition. This monochromatized beam strikes the second crystal
face, which reflects the beam along a parallel trajectory. Thus, as the
crystal is rotated, the transmitted beam changes with a beam offset
equal to 2/I cos(0), being [ the slot thickness and 6 the Bragg angle. The
crystal is located inside a high vacuum chamber, which is maintained
below 10-6 mbar by using an ion pump. With this crystal, the energy
can be tuned from 3 to 14 keV with a relative resolution of 3x 10~
between 7 and 10 keV. The photon flux was measured with a
photodiode (IRD, Model AXUV-20HE1) with 100% efficiency between
100 eV and 12 keV and a whole active area of 20 mm?. At 100 mA and
9 keV the measured photon flux was 3 x 10° photons-s~'.

The station consists of a vacuum chamber (~5x10~%mbar
working pressure) with a goniometer stage inside (Figs. 1 and 2).
Fine rotation can be achieved by means of a high-resolution
translation stage, coupled to a disc by a thin steel wire. The translation
stage of 0.5 mm/step with a disc of 59 mm of radius produces a
10 mrad angular resolution. The positioning of the sample on the
beam path can be done by using a UHV linear feedthrough, placed at
the bottom of the chamber and coupled to the sample holder, and
moving the whole experimental station on a slide. In both cases, the
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Fig. 2. Schematic of the TXRF station with the positioning stages.
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with a Be window of 25 pm and a resolution of 148 eV at 5.9 keV
located at 5 mm from the sample holder, the electronic chain consists
of fast amplifier and a multichannel analyzer with a ADC of 25 ps of
conversion time. In order to keep the detection limits under
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Fig. 3. (A) Experimental data of the sample with a surface layer of 190 A, right after
deposition. The solid line represents the fitting curve considering two layers. Layer 1:
5.9 g/cm?, 16 A. Layer 2: 8.4 g/cm3, 180 A. (B) Experimental data of the sample with a
surface layer of 190 A, after 30 min in oven at 65°. The solid line represents the fitting
curve considering two layers. Layer 1: 6.3 g/cm3, 37 A. Layer 2: 8.5 g/cm?, 168 A. (C) A
comparison of the fitted curves of (A) and (B).

precision on the movements is 2 pm. The total-reflection condition is
achieved by means of remote-controlled translation and rotation
stages. The detection system consisted of a Si(Li) solid-state detector
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Fig. 4. (A) Experimental data of the sample with a surface layer of 400 A, right after
deposition. The solid line represents the fitting curve considering two layers. Layer 1:
4.6 g/cm3, 31 A. Layer 2: 8.5 g/cm3, 378 A. (B) Experimental data of the sample with a
surface layer of 400 A, after 30 min in oven at 65°. The solid line represents the fitting
curve considering two layers. Layer 1: 4.9 g/cm3, 53 A. Layer 2: 8.6 g/cm3, 356 A. (C) A
comparison of the fitted curves of (A) and (B).
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reasonable values (less than 10%) a 1 mm collimator was located in
front of the detector window.

Three samples of silicon wafers with surface layers of copper were
made by using the controlled-evaporation technique under vacuum.
According to the calibration of the evaporating system, the final
thicknesses of the layers were 190 A, 400 A, and 800 A. Samples were
conserved in portable vacuum chambers until they were ready for
measurements in order to prevent unwanted oxidation.

For each sample, several measurements were carried out by
performing an angular scanning in the region of the critical angle for
total reflection. An angular range between 0 and 12 mrad was covered
with a measuring time of 10 s/point for approximately 60 points.
Monochromatic photons of 9 keV were used to irradiate the sample in
order to excite the copper K-edge. In this way, the Ko line of copper
was measured and later analyzed to study its behavior near the critical
angle of total reflection. Different measurements were taken
immediately after evaporation, after 30 min, after 1 h, after 4 h, and
after 30 min in oven at 65°.

3. Data analysis and results

The measurements show small variations among the different
spectra measured for each sample. The most significant variations are
observed for the first measurement (right after evaporation) and the
last one (after the heating in oven at 65 °C). This indicates that a soft
superficial oxidation is produced very fast, right after the first contact
with air. Afterward, a more intense and deeper oxidation appears after
heating. Figs. 3-5(A) show the experimental data obtained from the
angular scannings around the critical angle of total reflection for the
samples of 190 A, 400 A and 800 A after evaporation. Figures in the
center (B) show the experimental data for the same samples after
heating.

These data were fitted using different models for the number of
surface layers following the method of stratified media. Briefly, the
measured fluorescent intensity is fitted to the theoretical expres-
sion [7,12]:

I = [ [51y(z. E)Q(z. E)M(z, E)dzdE

where Q(zE) is the emission factor, M(zE) takes into account the
absorption effects, and I,(zE) is the excitation intensity at depth z
corrected by the stratification of the medium.

The key point in this treatment is to represent the factor I,(zE).
This factor takes into account the number of layers that the model
uses to represent the depth profile of the surface. In this work we use
the approach reported by Pérez et al. [13] that makes use of the
properties of Hessenberg's matrices to transform a matricial system of
equations into a scalar system of equations. In this way, the
calculations are carried out very efficiently and with high precision.

Solid lines in Figs. 3-5(A and B) show the theoretical curves fitted
to the experimental data. Figs. 3-5(C) show the fitted curves for these
samples after evaporation and after heating. These analyses corre-
spond to a two-layer model. Calculated values of density and depth
are shown in the captions (for layer #1 and layer #2) and Table 1. As
can be observed, the density of layer #1 corresponds approximately to
copper oxide and the density of #2 corresponds approximately to
pure copper.

Comparing the values before and after heating of the sample of
190 A, the results are consistent as well as for the total amount of Cu
on top of the Si substrate as for the sum of the thicknesses of the two
layers. These two values almost don't change from one scan to
another. The thickness of the oxide layer increases, the one of the
second layer decreases indicating a further oxidation of Cu. This
reflects the fact that copper is further oxidized by the heating
treatment; the sum of the thickness of the two layers reproduces also

quite well the nominal thickness of the evaporated Cu. The average
densities are somewhat below the densities of Cu respectively
oxidized Cu but this is usually the case for thin layers. In the case of
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Fig. 5. (A) Experimental data of the sample with a surface layer of 800 A, right after
deposition. The solid line represents the fitting curve considering two layers. Layer 1:
4.6 g/cm3, 51 A. Layer 2: 8.4 g/cm?3, 486 A. (B) Experimental data of the sample with a
surface layer of 800 A, after 30 min in oven at 65°. The solid line represents the fitting
curve considering two layers. Layer 1: 4.9 g/cm3, 70 A. Layer 2: 8.7 g/cm3, 470 A. (C) A
comparison of the fitted curves of (A) and (B).
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Table 1
Compilation of fitted parameters for the different samples. Density in cm?/g and depth
in A

Surface Treatment Layer #1 Layer #2

layer Density Depth Density Depth

190 A After deposition 5.9 16 8.4 180
30 min at 65° 6.3 37 8.5 168

400 A After deposition 4.6 31 85 378
30 min at 65° 49 53 8.6 356

800 A After deposition 4.6 51 8.4 486
30 min at 65° 49 70 8.7 470

the sample with the surface layer of 400 A, the fittings show the same
characteristics of the sample of 190 A, especially regarding the
densities but with less consistency in the depths that, in this case,
do not match so better the original depth. The sample with a surface
layer of 800 A shows a similar behavior than for the previous sample,
except that the sum of the thicknesses of the 2 layers does not match
the nominal thickness. This could be due to a possible error in the
sample preparation during the evaporation of Cu on the Si surface in
combination with the fact that the layer is too thick and behaves as a
substrate.

Several models of surface layers were evaluated, considering
different numbers of layers. The calculation revealed that when more
than three layers were used, the fittings showed inconsistent and
imprecise results with high variations in the fitting parameters.

The reason for these problems relies on the basis and funda-
mentals of the stratified model when it is applied to a continuously
varying medium. The stratified model is based on the interference
effect of the transmitted and reflected waves in each interface,
obtaining in this way the total intensity of the wave that exits from the
medium. Expressions for travelling waves are described basically by:

A, exp (—ikPyz,)

where A, is the amplitude of the electric field in the ath layer, k is the
wave number, P, is the Fresnel's parameter in the ath layer and z,, is
the depth in the ath layer. In this expression the homogeneity of the
space is assumed, i.e., the spatial symmetry in the y,x-planes parallel
to the external surface has to be preserved in order to avoid phase
changes in the y,x-plane. On one hand, this fact is not necessarily true
since it depends on the origin and/or the manner in which the
continuous medium was created (ion implantation, surface oxidation,
sputtering, etc.). On the other hand, and more important even, the
stratified model requires interfaces to create transmitted and
reflected waves through them. These fields will later interfere
among them to produce the typical destructive/constructive pattern
of waves. In a continuous medium there are not interfaces that split
the beams; hence, there are not well defined transmitted or reflected
waves to produce interference among each other. It is clear that,
without well defined interfaces, the optical path of the waves inside
the medium has random values and thus no interference effects can
occur.

The calculations of this work demonstrate that increasing the
number of layers produces inconsistent or unreliable results; they can
generate probably good fittings but not with reasonably well fitted
parameters. With a one-layer or a two-layer scheme, the calculations
fit very well the experimental data but the information obtained

about the depth profile have only a limited significance since the exact
distribution of the oxidized copper cannot be given.

In several papers, the stratified method was used to reproduce a
continuous depth profile by a non-linear fitting of the experimental
data. In general, this procedure allows a good fit of the data, mostly
because the fitting function has several parameters to adjust.
Nevertheless, according to the comments above, this method is not
reliable to obtain a precise characterization of the depth profile.

4. Conclusions

The different angular scans for each individual sample differ only
slightly. The most significant variations are observed for the first
measurement (after evaporation) and the last one (after the heating
in oven).

Our results also show that the atmosphere oxidation is produced
in the first instance of atmosphere exposition after the sputtering, and
is increased only if the sample is heated. Finally, for surface layers
thicker that 400 A the layer is too thick and it behaves like a substrate.

The mathematical model worked correctly for a one-layer or two-
layer schemes but shows inconsistencies for more complex schemes.
This indicates that the stratified model is not appropriate for
continuous media due to the nature of the theoretical assumptions
on which the stratified model is based. To obtain a more precise and
realistic description of the emitted fluorescence emerging from a
surface with a continuous depth profile, more complex algorithms
have to be implemented (see for example Ref. [10]).
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