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A new approach for the determination of element concentration profiles in stratified materials by
confocal X-ray fluorescence spectrometry was elaborated. The method was based on a direct deconvolu-
tion of the measured depth-dependent X-ray fluorescence intensity signal with the established response
function of the spectrometer. Since the approach neglects the absorption of primary and secondary
radiation within the probing volume, it is applicable only to low absorbing samples and small probing
volumes. In the proposed approach the deconvolution is performed separately for all detectable elements
and it is followed by the correction of absorption effects. The proposed approach was validated by using
stratified standard samples. The determined elemental profiles were compared with the results obtained
by using existing analytical approaches.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The confocal micro-beam X-ray fluorescence (confocal p-XRF)
technique is an analytical tool that enables examination of spatial
distributions of elements within a sample with a resolution
ranging from several up to tens of micrometers. The method was
proposed in 1993 by Gibson and Kumakov [1] and since then many
authors proved its capability for analyzing samples of different
origin, such as pigment layers in art objects or elemental distribu-
tions in biological and environmental samples [2-5]. The techni-
que has been used with spectrometers operated either with
synchrotron radiation or the radiation generated by X-ray tubes
[6-8]. The main advantage of the technique is its capability for
collecting depth resolved elemental information with extremely
high signal to background ratio arising due to the inherently
limited probing volume. The disadvantages include limited sensitiv-
ity for high-Z elements and element-dependent spatial resolution,
both effects linked to the way in which X-rays are transmitted and
reflected in the focusing/collimating optics of the spectrometer.
Nevertheless, for certain applications, the technique was found
very useful as the only one the technique capable of non-invasive
probing the sequence and chemical composition of sample layers.
The comparison of the detection limits and elemental sensitivities
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of conventional p-XRF versus confocal u-XRF techniques can be
found in [9].

The elaboration of any quantification procedure for confocal
u-XRF technique is a demanding task since the spatial description
of the matrix effects inside heterogeneous sample is much more
difficult than in the case of conventional XRF. So far a few method
were developed. The first quantification procedure for confocal
u-XRF was presented in 2004 by Smit et al. [10]. In this work the
fundamental parameter approach assuming a spherical probing
volume was proposed for the investigation of paint layers. A more
detailed model of confocal volume was proposed by Malzer and
Kanngieper in 2005 [11]. The authors also derived a general
equation for the depth-dependent intensity of X-ray fluorescence
radiation in confocal geometry as well as a calibration procedure.
Mantouvalou et al. [12] used this approach to derive the equa-
tions describing the intensity of X-ray fluorescence radiation
versus the probing depth in multi-layered samples. A Monte
Carlo (MC) based quantification approach was presented and
compared with the existing analytical methodologies by Czyzycki
et al. in two articles [13-14]. Perez et al. [2] applied the model of
Malzer and Kanngieper [11], neglecting the self-absorption
effects, for the analysis of metals in thin biological samples. Both
the analytical and MC approaches used the parallel beam
approximation [15]. Schoonjans et al. [16] elaborated a funda-
mental parameter method for nano-X-ray fluorescence analysis
of cometary dust particles trapped in silica-based aerogel
returned by NASA's Stardust mission. The analytical approach
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used in our work was based on the initial equation proposed
originally by Malzer and Kanngieger in [11].

2. Theory

In the model derived by Malzer and Kanngieper [11] the
spectrometer sensitivity function z;(x) was introduced. In this
model, depth-dependent intensity of X-ray fluorescence radiation
of given element j recorded in confocal geometry, assuming
monochromatic excitation, paraxial X-ray optics, and neglecting
enhancement effects, is given by:

b, ¢
(Dj(x) = /O ﬂj(g—x)pj(C)eXp (— ‘/0 /"lin,j(f)d§> de, )
1j(X) = Pozrj(X) = Lot i exp il )
j J'lj J \/Zo‘xj 20_)2” ,

where 7; takes into account the geometry of the confocal volume
and the transmission factors of the excitation/detection X-ray
optics and the detection efficiency, oy; is the width of the
sensitivity profile, @, is the flux of the impinging beam, z; is
the X-ray peak production cross section, ¢ and y are the incidence
and take off angles measured to the sample normal, y(; andy;; are
the mass absorption coefficients for the primary and secondary
radiation. The function p;(x) describes the local density profile of
the analyzed element. For thin samples, when the absorption
effects can be omitted

@i(x) =1;(0)Q;, “

where Q; is the mass deposit per unit area of the analyzed element.
In the approach proposed in this work the absorption term in Eq.
(1) is split in two separate terms:

s x .
exp <—/0 ﬁzm,;(é)d§> :exp(/g ﬁzm,;(é‘)@)exp(-/) ﬂlinj(f)d‘l;).
(5)

The first term in the right side of Eq. (5) corrects for the
absorption effects within the confocal volume. The second term
corrects for the attenuation of the primary and secondary radia-
tion on the path from the sample surface to the probing position x.
This term does not depend on ¢ and therefore it can be excluded
from the main integral

X D
(%) = exp (— /0 ﬁli,lJ-(é)d:) /0 G0 ©)
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Function Gj(¢,x) takes into account the absorption effects
within the probing volume. It can be considered as an expanded
version of the original sensitivity function n]’-(x). As shown in Eq. (7)
the absorption of primary and secondary radiations inside the
confocal volume modifies the original sensitivity function nJi(x) ina
way that for ¢ <x the sensitivity profile is enhanced by the
exponent term which becomes > 1, whereas for ¢ > x the expo-
nent term becomes <1 and the sensitivity profile is attenuated.
The distortion of the original sensitivity function depends on the
effective linear absorption coefficient as well as on the size of the
confocal volume. In the case of weakly absorbing matrices and

small probing volumes
exp (/g" ﬁlinj(f)de) ~=G(E, X)rm(E—X). (8)
In such a case Eq. (6) can be simplified to
o0 =exp (- [ o) [ " eonds
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where operators * and x are convolution and multiplication,
respectively. The derived Eq. (9) opens up a possibility for
determining the local density depth profile of the j-th element
by a direct deconvolution of the observed X-ray fluorescence
signal &;(x) with known sensitivity function ﬂ}(X) followed by the
absorption correction of the deconvolved profile @; geconvoived(X)

deconvolution

‘pj(x)§ 'I]:(X) - (pj,deconvolved(x) =€exXp (‘ /0 ﬁlinj(f)d§> Pj(x),

(10)
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D} deconvolved(X) is @ dimension of density. The function ;1J'.(x) must
be known in advance, it can be determined by fitting Eq. (4) to the
measured depth profile of a thin film standard sample. As shown
in Eq. (11) the local density profile of the analyzed element is
calculated by multiplying the deconvolved intensity profile by the
exponential term determined at each probing position. This term
is responsible for correcting the absorption effects due to the
presence of absorbing layers of the sample between the current
position of the probing volume and the sample surface. To convert
the local density profiles p;(x) into profiles of the concentration we
assume a known density of the matrix and known densities of the
elements (or chemical compounds containing given element)
mixed with the matrix. Assuming that the elements (compounds)
are not diluted but mixed with the matrix one can calculate the
overall sample density at given depth and use it to obtain
concentration depth profiles.

The deconvolution with regularization procedure [17,18] was
used to deconvolve the intensity profiles. In this procedure the
analyzed signal h (the measured characteristic peak intensity
profile) is a convolution of the known point spread function
(PSF) g (the spectrometer sensitivity function) and the real signal
f (the absorption modified element density profile) with super-
imposed noise n (statistical fluctuations of the measured intensity
profile). The relation between these functions can be written in
the following form:

h=fxg+n (12)

where * is a convolution operator. Function f is approximated by f
which minimizes the following expression:

(Fx2)(x)—h(x))* Af)
; n2(x) ng Ax I’

The dimensionless 1 parameter controls the strength of the
regularization (smoothing). For given problem the value of this
parameter has to be chosen empirically to get the best compro-
mise between the smoothing and the maximization of goodness of
fit. The first term in this sum governs how accurately the
convolution of the approximated function f and the sensitivity
function g fits to the signal h. The second term avoids solutions
affected with high noise.

In the numerical implementation used in this work the
measured and deconvolved signals were discrete functions of
probing positions. The sample was divided into a stack of layers

13)
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with number of layers equal to the number of probing points. The
thickness of each layer was equal to the step size of the confocal
scan, Ax. The local densities of all detectable elements inside
individual layers were calculated subsequently starting from the
first layer (the surface layer of the sample facing the detector) for
which there were no other absorbing layers on the paths toward
the source and the detector. In the case of the first layer the
absorption correction term in Eq. (11) was equal to 1 and the local
density of the j-th element was calculated using

Pj(X1) = ‘pj,deconvolved(xl ). (14

For all subsequent layers the element density values were
calculated taking into account absorption in all preceding layers

n-1 . ..
Ho,i Hii
Pj(Xn) = <pj,deconvolved(Xﬂ)exp <AX k;] ;/)i(xk) <COS p + 05 & ¢)> .

(15)

To calculate the absorption correction for element j inside n-th
layer the local densities of all elements in the preceding layers
(detected elements and elements of dark matrix) have to be
known. For this reason the composition and density of the sample
matrix as well as chemical form of detected elements were
assumed to be known. All calculations were performed with
fundamental parameters taken from the xraylib library [19,20].

3. Experimental

The set of hypothetical single layer and multi-layered samples
with assumed parameters/excitation conditions and two in-house
produced multi-layered standards, measured at a synchrotron
beam line, were used to validate the developed model. The
multi-layered samples with low absorption of X-rays were chosen
in order to allow the analysis within large range of depths.

The set of hypothetical single layer samples was based on
homogenous layer containing zinc in polyethylene matrix with
different effective linear absorption coefficients. The nominal
composition and mass density of the samples are presented in
Table 1. The synthetic intensity profiles of Zn-Ka line were
generated for these samples by applying theoretical models given
by Eqs (1) and (9) and utilizing two values of the o, parameter:
5 um and 15 pm. The thickness of all samples was assumed to be
equal to 150 pm. The energy of the exciting radiation was set to
20.5 keV, the values of the parameters 7, and &y were set to 1.

Table 1

A multi-layered hypothetical standard was defined to verify the
reliability of the derived model given by Eq. (15). The sample was
assumed to be composed of five layers containing different
concentrations of copper and zinc in polyethylene matrix. The
effective linear absorption coefficients varied from 4.3 cm™! to
22.8 cm™! for Zn-K« line and from 5.2 cm™' to 25.9 cm™! for Cu-Ka
line. The theoretical profiles of Cu-Ka and Zn-Ka peaks were
calculated assuming 2.5 pm step size and utilizing the multi-
layered sample formula derived in [12] based on the general
model given by Eq. (1). The nominal composition of layers is
presented in Table 2. The parameters ## and &y were set to 1, while
OxCu—Ka aNd oxzn_k, parameters were set to 6.5 pm and 6.0 pm,
respectively.

The two in-house developed standards consisted of nine layers
made of the Engage™ 8003 polyolefin elastomer doped with zinc
or copper oxide powders with the nominal weight fractions of
4.5% for Cuy0 (4% of Cu) and 4.98% for ZnO (4% of Zn). The first
sample consisted of five ZnO doped layers (odd numbered layers)
separated with pure polymer matrix (even numbered layers),
whereas the second one consisted of five ZnO doped layers (odd
numbered layers) separated with Cu,0 doped layers (even num-
bered layers). The thicknesses of all layers were determined by the
observation of cross sections of samples with an optical micro-
scope. The effective linear absorption coefficient for Zn-Kua line
varied from 4.3 cm™' (pure matrix) to 8.7 cm~' (ZnO doped layer)
whereas for Cu-Ko line this quantity varied from 5.2 cm™! (pure
matrix) to 10.1 cm™! (ZnO doped layer). The full description of
these standards was given in [14]. The confocal experiment of
these standards was performed at the beamline L [21] of the
synchrotron storage ring DORIS III in the Hamburger Synchrotron-
strahlungslabor (HASYLAB) at DESY, Hamburg, Germany. The
monochromatic beam of exciting radiation with an energy of
20.5 keV was focused with a polycapillary half-lens to a spot size
of 6.7 um FWHM. A probing volume was formed by attaching
polycapillary half-lens [22] to the detection channel in 45°/45°
geometry. The spatial resolution of the probing volume (expressed
as the oy of the registered depth-sensitive profile of infinitely thin
standard sample) was 6.06 um at the energy of Zn-Ka line and
6.42 um at the energy of Cu-Ka. The fluorescence radiation was
registered with a Vortex silicon drift detector with a crystal
thickness of 350 pm, an active area of 50 mm? and the energy
resolution of 140eV at the Mn-Koa line. The flux of primary
radiation impinging onto the focusing optics was monitored with
an ionization chamber. The current of the ionization chamber was

Quantitative comparison of full and simplified formula for X-ray fluorescence intensity for different absorbing samples.

Zinc concentration [%] 311 50.1
Mean mass density of sample [g/cm?] 1.23 1.6
Effective linear absorption coefficient [cm™!] 50 100
Chi-square for oy=5 pm 13-10™*

Chi-square for 6x=15 pm 85.107*

33.10™
44.1073

62.1 70.3 76.3 80.8
1.96 233 2.7 3.06
150 200 250 300
6.5-107* 11-1073 18-1073 2.7-1073
13.1072 3.0.1072 5.9-1072 11-107"

Table 2
The input and reconstructed structure of the hypothetical layered sample.

Layer # Input values Reconstructed values
Thickness [pum] Cu concentration [%] Zn concentration [%] Thickness [pm] Cu concentration [%] Zn concentration [%]
1 100 - 5 100.2 + 0.4 - 4.99 + 0.05
2 50 10 - 50.0+04 10.0+0.2 -
3 25 - - 248 +0.4 - -
4 100 2.5 - 100.1 + 0.4 2.51 +0.06 -
5 50 - 15 50.0+ 0.9 - 14.8+0.2
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Fig. 1. (a) Averaged depth-sensitive intensity profiles of zinc for ZnO multi-layer
sample. (b) Averaged depth-sensitive intensity profiles of zinc and copper for
Cu,0-Zn0 multi-layer sample.

used for the normalization of experimental results. The standards
were scanned in depth perpendicularly to the surface with a
counting time of 5s per point and with a step size of 5um in
depth. A number of 36 lateral scans was executed in an area of
250 pm x 250 pm encompassing 4716 probing points for each
sample. For each standard, the collected intensity depth profiles
were averaged. The measured intensity profiles for both standards
are presented in Fig. 1a,b. Analytical parameters of the confocal
spectrometer were estimated by the measurements of thin multi-
element NIST SRM 1832 and NIST SRM 1833 standards [23]. These
reference materials were scanned in depth with a counting time of
10 s and a step size of 1 um.

4. Results and discussion

The applicability range of the simplified model was examined
by comparing the predicted profiles obtained with Eq. (9) to those
generated with the general model given by Eq. (1) for the set of
hypothetical single layer samples containing zinc in polyethylene
matrix. The results of comparison are presented in Fig. 2a,b. The
calculated reduced chi-square values for all compositions at both
spatial resolutions are presented in Table 1. The results confirmed
good agreement between the two models for samples with low

jub)
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Fig. 2. (a) The comparison of general (dotted line) and simplified (solid line) formulas
for the intensity of fluorescence radiation in confocal geometry for o, equal to 5 um and
different composition of the samples. The front of the sample is on the left side. (b) The
comparison of general (dotted line) and simplified (solid line) formulas for the intensity
of fluorescence radiation in confocal geometry for o, equal to 15um and different
composition of the samples. The front of the sample is on the left side.
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Fig. 3. Results of the quantification of synthetic sample. The front of the sample is
on the left side.

effective linear coefficient (low density). Due to the fact that the
exponential term in Eq. (7) was neglected in the simplified model
given by Eq. (9) it was expected that significant discrepancy would
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appear for large probing volumes and strong absorbing samples.
The latter case may occur for samples with high mean atomic
number and high mass density. The absorption is also stronger for
low excitation energy and/or low fluorescent energy of analyzed
element. For this reason the applicability of this simplified model
may be limited for low energy X-ray fluorescence lines for which
larger probing volumes are also introduced.,

For all multi-layer samples the positions of the layer borders with
their uncertainties were estimated by fitting Gaussian functions to

a
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Fig. 4. (a) The reconstruction of the composition of ZnO multi-layer sample. The
front of the sample is on the left side. (b) The reconstruction of the composition of
Cu,0-Zn0 multi-layer sample. The front of the sample is on the left side.

Table 3

the first derivative of the concentration function of a given element.
These values were then used to evaluate the thicknesses of layers and
their uncertainties. The uncertainties of the chemical composition
were estimated from the dispersion of the results within each layer.
The concentration profiles obtained for the multi-layered
hypothetical standard, reconstructed by using the elaborated
model given by Eq. (15), are shown in Fig. 3. The deconvolution
procedure was carried out with the A parameter equal to 0.0005.
Reconstructed thicknesses and the mean composition of layers are
shown in Table 2. As can be seen almost all estimates were in good
agreement with input quantities. The concentration profiles of ZnO
and Cu,0 in two in-house made multi-layered standards, were
reconstructed by using the developed model and the average
measured intensity profiles. The results are shown in Fig. 4a,b.
The deconvolution was performed with 1 parameter equal to 0.02.
The results were compared with the results obtained with the
Monte-Carlo simulation [13] and the general model given by Eq.
(1) extended to multi-layered structures in [12]. The comparison of
the nominal concentrations, thicknesses measured by an optical
microscope and reconstructed quantities is presented in
Tables 3 and 4. The reconstructed concentrations profiles of zinc
and copper oxides obtained by the approach proposed in this work
agreed very well with the estimates determined by existing
quantification procedures and the nominal quantities. In almost
all cases the determined estimates could be considered equal
within the uncertainty interval. Relative uncertainties varied from
0.6% to 1.8% for ZnO doped layers and from 3.0% to 7.0% for Cu,0
doped layers. Greater uncertainties in the latter case resulted from
less homogenous lateral distribution of copper oxide as compared
to zinc. Due to the high counting statistics and the use of the
averaged experimental depth-sensitive profiles, the contribution
from the uncertainty of the measurement to the uncertainty of
concentration was negligible. The deconvolution technique pro-
duced very small non-zero concentration estimates (equal to zero
within uncertainty range) within the layers where the given
element was not present The significant non-zero concentration
appeared mainly for ZnO in Cu,O doped layers—copper was not
detected in ZnO doped layers. For this reason this effect could not
be explained by any defect of the method—is such a case, it would
be observable for both elements. Very likely explanation of this
effect could be the diffusion of ZnO powder into Cu,0 doped layers
that could be introduced during the sample preparation process.

5. Conclusions

A new quantification procedure for the determination of
elemental concentration profiles in multi-layer samples examined
by confocal X-ray fluorescence spectroscopy was derived and
validated. The experimental verification proved very good perfor-
mance of the proposed approach for weakly absorbing matrices.

The reconstruction of thickness and composition of ZnO multi-layer sample obtained with three competitive quantification procedures.

Layer #  Thickness [pm] Dopant concentration [%]
Optical microscopy  General model  MC simulation  Direct deconvolution Nominal  General model MC simulation  Direct deconvolution

1 80.3+0.3 79.0+0.7 80.5+0.7 78.6 + 0.6 4.98 42+10 5.0+0.1 5.0+0.1
2 62.4+0.5 62.2+10 63.2+0.5 62.4+0.5 - - - -

3 452 +04 455+ 1.0 458 +0.4 46.5+0.6 498 55+13 51+01 48+0.1
4 435405 430+ 11 43.8+04 421+0.7 - - - -

5 38.8+0.9 38.0+ 1.1 38.7+03 38.2+0.7 498 57+11 48+0.2 50+0.1
6 46.5+0.6 450+ 11 458+0.4 438 +0.6 - - - -

7 513+ 1.1 49.0 +1.2 499+04 49.6 + 04 4.98 62+14 48+0.1 49+0.1
8 54.8 + 0.5 53.6+ 1.2 55.0+0.5 543+ 04 - - - -

9 973+ 0.6 947 +12 96.8 +£0.8 93.8+0.7 498 72+12 49+01 49+01
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Table 4

The reconstruction of thickness and composition of Cu,0-ZnO multi-layer sample obtained with three competitive quantification procedures.

Layer #  Thickness [um] Dopant concentration [%]
Optical microscopy  General model =~ MC simulation  Direct deconvolution =~ Nominal  General model = MC simulation  Direct deconvolution
1 675+ 0.6 66.9 +0.6 69.3+0.6 67.6+ 0.6 4.98 51+02 5.0+0.1 49+0.1
2 43.75+0.5 451+0.8 46.5+04 488 +0.7 45 43+05 47+02 45+03
3 423404 41.6+0.8 434404 40.7 + 0.4 4.98 45+038 47+0.2 49+0.1
4 49.6 + 0.6 483 +0.8 49.6 + 0.5 456 + 1.0 4.5 4.8 +0.8 4.8 +0.2 4.6+0.2
5 51.9+ 1.0 52.2+0.8 53.8+ 0.5 50.6+0.4 4.98 62+10 52402 49+0.1
6 394+09 38.0+08 393+04 403 +13 4.5 54+0.8 46+0.1 4.7+04
7 521+1.0 52.6+0.8 54.8 + 0.5 51.7 +£0.7 4.98 64+19 52401 49+0.1
8 48.2+0.6 473+0.8 48.6 +0.5 492+ 1.0 45 62+11 48+0.2 45+03
9 98.0+ 0.4 96.6 £0.9 1003+ 0.9 954 +0.5 4.98 76+ 1.0 51+0.2 50+01
As compared to other methods of quantitative analysis the References

advantage of the proposed method is its simplicity. Moreover
the direct deconvolution approach does not assume any structure
of the sample and initial values are unnecessary. Furthermore, the
direct deconvolution of position dependent X-ray fluorescence
signal can be extended into the case of generally heterogeneous
structures where the absorption correction is performed on a
voxel by voxel way [24].
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