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In this work, we present the results of the first round robin test of different kinds of micro- and nanoscaled

samples for total reflection X-ray fluorescence (TXRF) analysis. Therefore preselected, well-characterized

samples including an internal standard were provided to the participants of the round robin test. Three

different kinds of samples were produced ensuring highly homogeneous mass depositions: first,

manually produced mL droplets, representing the most common sample preparation in TXRF. Second, nL

droplets pipetted with a nL dispenser, having the potential of being mL (total volume) samples distributed

in an optimized manner with respect to reproducibility and homogeneity. Third, multi-elemental sub-

monolayers, coated over the entire sample surface, simulating surface contamination and thereby

representing ideal samples for the TXRF method. One of the several elements coated as sub-monolayers

was selected as an internal standard and quantified with physically traceable XRF. The approach for an

accurate and precise round robin activity was to separate the influence of the TXRF instrumental

response and internal standard based quantification from any impact related to the sample preparation,

in particular spatial inhomogeneity revealed by different X-ray spectrometric techniques. The results of

the round robin test are in line with expectations and lie within about 5% deviation for all droplets and

about 3% for the layers, showing the strength and reliability of the TXRF method for simultaneous multi-

element analysis when decoupled from unfavorable sample preparations. For validation purposes,

physically traceable XRF quantification was performed for one selected sample, and the absolute mass

deposition of the respective elements was determined.
1 Introduction

A round robin test is an inter-laboratory test using the same
method with different equipment or a comparison of different
methods. It is a common procedure to determine the perfor-
mance of an analysis method or process.1 With respect to the
TXRF method,2–9 several round robin tests have been performed
during the last few decades.10–16 Some of these recent inter-
laboratory studies showed rather large deviation in the
results. To the best of our knowledge a relevant part of these
deviations is presumably due to individual sample preparations
at each round robin partner site prior to the respective TXRF
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analysis. Other contributors may include differing qualities of
instrumental pre-calibration.

The goal of this work was to separate the inuence of the
TXRF instrumental response and the quantication of analytes
with respect to an internal standard from any impact related to
the sample preparation, and thus to investigate the perfor-
mance of the TXRF method itself. The relevance of sample
preparation for TXRF has been shown before.17,18 Complemen-
tary to the conventionally used mL droplet residue, two types of
nano-scaled depositions, i.e. nanoliter droplet residues and
nanometer thick layers or even sub-monolayers, have been
recently investigated by TXRF, and thus were to be included in
a modern round robin activity.19,20 In addition, the independent
validation of chemical traceable TXRF approaches based upon
internal standards calls for physical traceable methods
involving calibrated instrumentation such as reference-free
XRF.6,21

Last but not least, the transition from TXRF to grazing
incidence X-ray uorescence (GIXRF)21–24 by a mere angular
variation calls for the assessment of calibration samples for
both techniques, or the mutual validation of one technique by
the other.
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Therefore, a round robin test on TXRF analysis has been
performed within the German WIPANO (“Wissens- und Tech-
nologietransfer durch Patente und Normen”, eng.: knowledge
and technology transfer through patents and standards) TXRF
project: TRFA-KAL, using preselected samples provided by the
project partners. The German WIPANO TRFA-KAL project is
aiming at both the further development and validation of TXRF
quantication procedures.

Project partners involved are the German National Metrology
Institute PTB in Berlin, the analytical sciences research institute
ISAS in Dortmund, the battery research institute MEET in
Münster, the X-ray instrument manufacturer Bruker Nano in
Berlin, the X-ray optics company AXO DRESDEN, and the
German standardization body DIN located in Berlin. In order to
assess TXRF quantication, three different types of sample
systems have been investigated within a German round robin
activity with international participation by selected partners.
The round robin activity on TXRF analysis will compare the
characterization results obtained by the respective participants.

The results of the round robin test are shown in this paper,
will be implemented in a revision of the DIN standard DIN
51003:2004 25 and employed for ISO/TC 201/SC 10 standardi-
zation activities.

2 Experimental
2.1 Samples

Because the round robin test focuses on the TXRF method, the
samples were provided by the project partners in order to
minimize possible errors associated with either the absolute
mass deposition or spatial inhomogeneity originating from the
sample preparation. Three different sample preparation
methods involving different spatial mass depositions were used
for the round robin test samples. First, a liquid mL droplet was
deposited on a glass substrate and dried, so that the residuum
can be analyzed. Second, several nL droplets were deposited
with a nL dispenser and also dried. Third, sub-monolayer thin
lms were deposited using high precision dual ion beam
deposition (DIBD). All produced samples were subjected to
a preliminary examination with respect to the recovery rate in
order to identify the best suited samples for the round robin
test.

Suitable samples for the round robin test should not exceed
a deviation of 3% of the recovery rate from the mean value of all
recovery rates in the preliminary examination. A good recovery
rate is an effective measure for a stable measurement process
and a high spatial homogeneity between the internal standard
and the other elements of interest. Here, rst quantication
using the internal standard Ga was performed (see Section
3.1.1). Second, the nominal values from the multi-element
standard solution were taken to calculate the recovery rates
for each element and sample. Third, the mean values of the
recovery rates from all elements and samples and the respective
deviations were calculated. This led to deviations from the
mean recovery rate of 3% or less, although the net count rates
for the respective uorescence lines showed higher deviations
of up to 10% from the mean value of all net count rates.
1934 | J. Anal. At. Spectrom., 2021, 36, 1933–1945
In addition, selected samples were analyzed with respect to
their lateral distribution of the deposited elements. The prese-
lection and characterization of the samples qualify for pre-
calibration of table-top TXRF-instrumentation.

Altogether, 14 samples were provided for the round robin
test for each participant. The three sample types are described
in detail in 2.2 and 2.3; a scheme of the droplets and thin layers
is shown in Fig. 1.
2.2 Droplet samples

The mL and nL droplet samples were prepared using a commer-
cial multi-element standard solution stabilized with 2% nitric
acid (Bernd KraGmbH, Duisburg, Germany). One liter contains
5mg Sc, 2mgMn and 1mgNi, Ga and Y, respectively. Detected K
uorescence lines, emitted from the respective elements, do not
overlap in the spectrum when using a silicon dri detector (SDD)
with moderate spectral resolution. The total mass of all depos-
ited elements was chosen to be 10 ng (added up from 5 ng Sc, 2
ng Mn, 1 ng each Ni, Ga, Y) and 50 ng (25 ng Sc, 10 ng Mn, 5 ng
each Ni, Ga, Y), so that the presumable signal-to-noise ratio
during the measurements is well above the limits of detection
while the signal of the uorescence lines is still low enough to
ensure measurements without signicant matrix and pile-up
effects under TXRF conditions. Keeping the sample amounts in
the adequate range, reliable results were obtained aiming for the
transition from the micro- to the nanoscaled experiments.2,26

The element Ga was chosen to be the internal standard for
two reasons: unintentional cross-contamination is not highly
probable and the external analytical interest to the element is
rather low. Six mL droplet samples were provided by Bruker
Nano for each round robin test participant; three samples with
10 ng in total mass and three samples with 50 ng in total mass.
Also six nL droplet samples were provided by MEET for each
round robin test participant, as well three samples with 10 ng in
total mass and three samples with 50 ng in total mass. Added
together, 12 droplet samples were provided for the round robin
test for each participant.

2.2.1 mL droplets. The most common samples for TXRF
applications are mL droplets; they are used by the main part of
the TXRF community because of their relatively low costs and
simple production. The sample preparation followed for many
decades has been described in detail.24,27–29 They are produced
manually using a pipette in order to put the multi-elemental
standard solution on cleaned, siliconized quartz glass
substrates. Wellenreuther et al. showed that these substrates
are favorable for TXRF applications.30 Aerwards, a simple
evaporation of the solvents under vacuum in a desiccator leads
to the residue. The dynamics of the drying process of sessile
droplets is well known, e.g. by the experimentally investigations
and the modelling works of Williams et al.31

To avoid spreading of the aqueous sample on the quartz
glass substrates, the substrate surfaces were made hydrophobic
by pretreatment with 20 mL of silicone in isopropanol at room
temperature and drying for 20 min in a hot air oven at 60 �C.

For the samples with a total mass of 50 ng, one 5 mL droplet
of the non-diluted standard solution was pipetted carefully on
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Scheme of the production and the main characteristics of the mL and nL droplets (upper part) and the sub-monolayer thin films (lower
part) used in the round robin test.
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the quartz glass substrates. For the 10 ng samples the standard
solution was diluted by a factor of 10. In order to concentrate
the sample at the center of the disc, a total volume of 10 mL was
pipetted in two steps of 5 mL each with an in-between drying
step.

A risk associated with mL droplets is the possibility of having
matrix effects due to a non-homogeneous distribution of the
material in the residue.24,32 The distribution between the
different elements of interest and the internal standard in the
residue can also vary, leading to higher uncertainties in the
results of chemical traceable TXRF quantication.

In this work, the following methods for the investigation of
the mL droplets with respect to suitability have been performed.

First, the central deposition of the droplet on the carrier is
absolutely necessary for accurate quantication in TXRF spec-
troscopy. The same holds for the spatial and rotational depo-
sition geometry of the droplet. A means to check for an equal
distribution is to rotate the sample carrier with respect to the
incident beam. Therefore, the round robin measurement
protocol required the measurements of the droplet samples at 3
or 4 orientations of the carrier, respectively (see Section 2.5).

Second, mXRF7 for the lateral distribution and third GIXRF
for the angular-dependent behavior of the deposited material
have been performed, both measured in the PTB laboratory at
BESSY II.

The mL droplet samples show a circular structure at the
lateral distributions of about 1 mm to 3 mm in diameter.
Residues with a hollow cylindrical shape or ring morphology
This journal is © The Royal Society of Chemistry 2021
have been observed before26,33 and seem to be a result of the
drying process.32,34 In Fig. 2a the circular distribution of the
element Sc is shown for a mL droplet with 10 ng total mass. All
other elements in the sample, including the internal standard
Ga, have almost identical distributions. In a previous study by
Horntrich et al., comparable samples showed a similar drying
behavior with respect to the elemental distribution, justifying
the use of an internal standard for quantication in chemical
analysis.35

The height of the circular structure does not exceed 300 nm
(measured by white light interferometry). The mapping was
performed with a lateral resolution of about 30 mm FWHM and
a step width of 20 mm using a focusing optic at a dipole white
light beamline in the PTB laboratory at BESSY II.

The material is not completely homogeneously distributed
within the circular structure. A difference up to a factor of 10 is
noticeable. However, the relative distribution between the
standard and the other elements in the sample is crucial for the
quantication with internal standard Ga. This was veried by
the selection criterion of 3% or less deviation from the mean
recovery rate in the pre-characterization of the samples.

2.2.2 nL droplets. A recent development in automatic
sample preparation is a so called nL dispenser. nL droplet
samples produced with this technique have presumable several
advantages for TXRF in comparison with mL droplets; they
require a smaller total mass for the production. The distribu-
tion of the material in a pattern consisting of numerous nL
droplets is more homogeneous. Due to the fast drying of one
J. Anal. At. Spectrom., 2021, 36, 1933–1945 | 1935
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Fig. 2 Mapping of the normalized Sc-Ka fluorescence line intensity emitted from a mL and nL droplet. The step width of the measurements was
20 mm. (a) mL droplet with a nominal total mass of 10 ng. (b) nL droplets with a nominal total mass of 50 ng.
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single nL droplet, they do not ow into each other. Earlier
studies showed that droplet deposition in the nanoliter and
picoliter range has the advantage of being exible in depositing
patterns, mass deposition, the droplet size and the thickness.36

With this technique it is possible to produce optimally adjusted
samples for purposes such as calibration standards.35,37

In this work, the iTWO-TXRF Nanoliter Dispenser (M2
Automation, Berlin, Germany) was used for the nL droplet
preparation. This instrument is able to automatically deposit nL
droplets in a freely selectable pattern on a substrate. It has been
shown in the work by Evertz et al.19 that samples produced with
the nL dispenser had an excellent recovery rate between 98%
and 105%.

Three different patterns were chosen for the round robin test
samples; one of them is shown in Fig. 2b.

Preliminarily, a gravimetric determination of the volume of
a single droplet was performed. Since the standard solution that
was used in the round robin test was aqueous, water was used
for the determination of the single droplet volume. The dosing
head was rinsed multiple times with isopropanol and water to
eliminate any air bubbles. At a frequency of 100 s�1, 1000
droplets were weighted for the exact weight determination of
a single droplet.

Vsingle droplet ¼ ð13:39� 24Þ mg

0:998 mg nL�1 ¼ ð13:41� 24Þ nL (1)

The determination was repeated seven times at 20 �C and
showed a weight of a single droplet of (13.39� 0.24) ng for water
(r water, 20 �C ¼ 0.998 g cm�3 38) with a relative standard
deviation of 1.8%. For the preparation of the nL droplet
samples, the smallest possible circular arrangement with 9
positions each with 2 drops was selected. To achieve the
required amount of 10 ng and 50 ng, the drop pattern was
applied 4 and 20 times, which resulted in 72 and 360 droplets,
respectively. To ensure a complete evaporation of the solvent,
the sample carrier was dried for 15 s aer each application of
the pattern.

The lateral distribution showed that each nL deposition on
one sample has a diameter of about 100 mm and the distance
between two nL depositions is about 0.5 mm to 1 mm,
1936 | J. Anal. At. Spectrom., 2021, 36, 1933–1945
depending on the pattern. In total, nine nL depositions were
used for a pattern, covering a surface of about 2.5 mm2. The
material is localized in these nL depositions, which can reach
a height of up to 3 mm.

The strongly inhomogeneous lateral distribution of the
material deposited on the substrate does not inuence the
TXRF quantication using an internal standard Ga in the case
of an almost identical spatial distribution between the standard
and the other elements in the sample, similar to the mL drop-
lets. One should note that the similarity of the spatial distri-
bution of the standard and the analytes strongly depends on the
sample preparation procedure.

2.3 Sub-monolayer thin lms

Different samples in comparison to the other two types of
samples are sub-monolayer thin lms. They have been devel-
oped as thin layer type reference samples for TXRF analysis and
calibration samples for quantitative XRF investigations,
respectively.20,39 The extremely high homogeneity (laterally and
in thickness) and low mass deposition of thin lms qualify for
TXRF applications, excluding matrix effects.

These samples were deposited on the same type of quartz
glass substrate by AXO DRESDEN using high precision dual ion
beam deposition (DIBD) and have the advantage that the whole
surface is covered with the deposited material. Therefore, it is
more useful to specify the mass deposition in g cm�2.

Three elements were deposited: Sc, Cr and Ni. The PTB
measured the absolute mass deposition of these elements using
reference-free (GI)XRF21 and Cr was chosen to be the internal
standard. Two different thin lm samples were provided for the
round robin test with the following internal standards of Cr:
(5.22� 0.30) ng cm�2 and (18.2� 1.1) ng cm�2. The samples are
labeled C0 and C4.

2.4 Round robin test participants

In total, seven institutes and companies were involved in the
round robin test. Four participants were partners of the German
WIPANO TXRF project TXRF-KAL: Bruker Nano, Berlin, Ger-
many; MEET, Münster, Germany; ISAS, Dortmund, Germany
and PTB, Berlin, Germany. The BAM, Berlin, Germany was an
external participant as well as the international participants
This journal is © The Royal Society of Chemistry 2021
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LNE-LNHB, Paris, France and Rigaku Corporation, Osaka,
Japan.
2.5 TXRF measurement protocol

In order to ensure comparable and valuable measurements and
be able to identify possible sources of error, the round robin
participants were requested to pursue the following instruc-
tions and to provide detailed information about the quanti-
cation of their respective TXRF measurements.

The TXRF analysis of each sample should be based on the
measurements of at least 1000 s total time. The total measure-
ments were split into three to four parts in which the sample
should be rotated by 0�, 90�, 180� and 270�, each spectrum with
250 s beat or 0�, 120�, and 240�, each spectrum with 330 s beat.
If it was not possible to perform rotation of the sample, it was
asked to be indicated in the procedure. Every spectrum should
be saved separately and be provided. Also the information about
the laboratory, instrument, operator and person in charge
should be provided. For the quantication process, each spec-
trum as well as the sum of all spectra should be considered.
Finally, the results should be provided including a reasonable
number of digits, reecting the uncertainty.17,40

All participants were willing to fulll the requirements of the
measurement protocol and implemented them manually in
some cases. The deployment and adherence to this measure-
ment protocol were an important step towards the quality
development of TXRF.
2.6 Validation measurements

For the validation of the absolute mass deposition and for the
denition of the internal standard for the thin lm samples,
reference-free XRF under total reection and grazing incidence
conditions was performed with monochromatized synchrotron
radiation in the PTB laboratory at BESSY II,41,42 using an ultra-
high vacuum chamber43 optimized for this purpose. The
samples can be aligned to the pivot point of the chamber using
translation and rotation motors with respect to the incident
excitation beam. This allows for the irradiation of the samples
at their respective centers for all incident angles. The incident
photon ux is detected with radiometrically calibrated photo-
diodes44 and the emitted uorescence radiation is detected by
means of a SDD, calibrated with respect to its detection effi-
ciency and response behavior.45,46 A schematic diagram of the
experimental setup used for the reference-free TXRF and GIXRF
can be found i.a. in ref. 21 and 47.
Table 1 Covering (mass deposition) and thickness ranges for different
matrices28

Matrices Organic tissue Mineral powder Metallic covers

Covering (mass deposition)
(m/FI)max/mg cm�2 250 140 8
(m/FI)min/mg cm�2 1 � 10�5 1 � 10�5 1 � 10�5

Thickness
dmax/mm 12 0.7 0.01
dmin/mm 0.015 0.015 0.015
3 Results and discussion

The results are separated into two sections. The rst section is
about the round robin test, where the quantication procedure
using an internal standard is described and the determined
total masses of the respective elements are shown for the three
kinds of samples. The second section describes the validation
by physically traceable XRF of one selected mL-sample,
including an uncertainty budget.
This journal is © The Royal Society of Chemistry 2021
3.1 Round robin test results

The round robin test was to be performed under total reection
conditions using TXRF (or appropriate GIXRF) instrumentation.
The aim was to obtain a set of analytical results in order to nd
out some specic but signicant number of merits of TXRF. For
this run, several sets of ready to measure samples were provided
by the project partners Bruker Nano, MEET and AXO DRESDEN.
As one may expect an inuence of the sample preparation on
the instrumental response different types of samples were
arranged. All samples comprise an internal standard, as
described in detail in Section 2.1. In the following section, the
quantication using an internal standard is summarized.

3.1.1 Quantication with an internal standard. When
using innitely thin layers or residues, a simple quantication
in TXRF becomes possible. If thin layers are chosen below
a certain margin, no or only negligible matrix effects occur
when exciting the materials to X-ray uorescence. In such cases
linear quantication curves are expected and based on relative
element sensitivities applying an internal standard element,
a full quantitative analysis is performed.

The criteria for the limits of the material deposited that can
be used in the TXRF quantication procedure were established
by Klockenkämper and von Bohlen in 1989.2 Typical covering
mass depositions, i.e. the amount of material per unit area and
its equivalent thickness, are summarized in Table 1. Higher
values than the quoted ones will lead to matrix effects beyond
the linear quantication regime of TXRF. The regime is in line,2

considering the positive effects of an internal standardization
and assuming that matrix-effects are negligible, i.e. below 5%.28

If the covering mass deposition (m/FI)max is kept constant while
allowing for incomplete or non-uniform covering, the thickness
of a specimen can even exceed the tabulated value of dmax 10 to
100 times.28 The lower limits regarding the thicknesses are
restricted by the incomplete excitation by the X-ray standing
wave eld.48

The relative sensitivities can be obtained from e.g.2 These
element sensitivities follow a smooth function, and are strictly
dependent on the instrument. They have to be determined for
each device (mostly the manufacturer of the device supplies the
customer with a complete set of sensitivities), as shown. by
Sparks et al.49

Aer recording spectra, the typical treatment of spectral
background subtraction, peak deconvolution and correction of
spectral artifacts like pile-up and escape-peak corrections are
J. Anal. At. Spectrom., 2021, 36, 1933–1945 | 1937
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made before using the net intensities for quantication. As
a last step for quantitative evaluation of the element composi-
tion the addition of an internal standard element is necessary.
Therefore, an element not present in the sample is added in
a known amount to the sample. Starting from this known
fraction (g g�1 or mol mol�1 or atoms per cm2) or concentration
(g mL�1) of the added element the quantication is carried out
using the simple equation:

Cx ¼ Nx=Sx

Nis=Sis

Cis (2)

where N is the net intensity, S is the relative sensitivity and C is
the concentration for the respective element. x is the unknown
element and denotes the internal standard element.

A precision of the order of 2% to 3% relatively is expected for
the best determinations limited by the accuracy of the relative
sensitivities used for quantication. In praxis a good precision
and accuracy of the order of 5% relatively is accepted for TXRF
analysis. Values exceeding 25% deviations are considered to be
used with care.

One should note that chemically traceable TXRF provides
analytical results that are related to the actual mass of the
standard element deposited. Due to typical pipetting or evapo-
ration effects of the preparation of droplet samples, the actual
absolute mass of the standard may differ from the nominal
expectation.

3.1.2 Mean and median values. The relatively small number
of seven participants increases the uncertainties in statistical
analysis when using the nal result of each laboratory. For some
of the samples and elements, no results were provided by
particular laboratories, further reducing the dataset for statistical
analysis. Therefore, an uncertainty estimation was performed for
each nal result and a weighted mean value was determined
considering the weighted uncertainty. In Fig. 3a, the barplot with
the results of Mn from the droplet samples (10 ng total mass) is
shown to be exemplary for the determination of the weighted
mean value. All other barplots are located in the ESI.† The main
contribution to the uncertainty estimation is the internal
Fig. 3 Exemplary bar- and boxplot of the round robin test results for M
droplets (10 ng total mass) from the respective laboratories for Mn, presen
the mL droplets (10 ng total mass). The total mass for element Mn is sho

1938 | J. Anal. At. Spectrom., 2021, 36, 1933–1945
standard with 10% for the droplet samples and 6% for the thin
lm samples. The other contributions are the statistical uncer-
tainty of the detected events and an estimation of the instrument
of 2%.

In addition, the result of every single measurement was
combined in a dataset for each sample class. These datasets are
shown in boxplots (see the ESI†), including the median value,
the lower and upper quartile (Ql and Qu), and the minimum and
maximum value as well as suspected and conrmed outliers.
The minimum and maximum are dened in the following
manner using the interquartile range IQR ¼ Qu � Ql:

Minimum ¼ Ql � 1.5 � IQR (3)

Maximum ¼ Qu + 1.5 � IQR (4)

In Fig. 3b, the boxplot with the results of Mn from the
droplet samples (10 ng total mass) are shown exemplarily for
the determination of the median value, the lower and upper
quartile (Ql and Qu), and the minimum and maximum value as
well as suspected and conrmed outliers. Anonymity of the
particular laboratories was maintained using a random labo-
ratory number and the single measurement results were sorted
and consecutively numbered.

The results of the weighted mean values, the median values
and the upper and lower quartile are listed in respective tables for
every type of sample (Tables 2–7). In general, the results are
mostly within 5% uncertainty, and are in very good agreement
between different laboratories in a round robin test. Some labo-
ratories showed signicantly higher statistical deviation in the
nal result than others. This might be caused by different
instrumentations and the associated possibility of sample
alignment. The element Ni shows higher deviations than the
other elements, which might be caused by excitation radiation
induced uorescence radiation of instrumentation materials,
reaching the X-ray detector by a second scattering process e.g. at
the substrate, or alternatively by direct substrate contamination.
This systematic error would lead to a determined Ni mass
n from the mL droplets with a total mass of 10 ng. (a) Results of the mL
ted in a barplot. (b) Boxplot of all data points from themeasurements of
wn.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Results of the round robin test for the mL droplets with a total mass of 10 ng. The internal standard was Ga (1 ng); the nominal values of
the other elements are listed in brackets

mL droplets (10 ng) Weighted mean value Median value Ql Qu

Sc (5 ng) (5.04 � 0.26) ng 5.13 ng 4.65 ng 5.46 ng
Mn (2 ng) (1.97 � 0.09) ng 1.99 ng 1.93 ng 2.03 ng
Ni (1 ng) (1.03 � 0.05) ng 1.01 ng 0.99 ng 1.06 ng
Y (1 ng) (1.05 � 0.06) ng 1.08 ng 1.02 ng 1.12 ng

Table 3 Results of the round robin test for the mL droplets with a total mass of 50 ng. The internal standard was Ga (5 ng); the nominal values of
the other elements are listed in brackets

mL droplets (50 ng) Weighted mean value Median value Ql Qu

Sc (25 ng) (25.27 � 1.16) ng 25.05 ng 23.60 ng 26.82 ng
Mn (10 ng) (10.14 � 0.45) ng 10.10 ng 9.98 ng 10.28 ng
Ni (5 ng) (5.19 � 0.23) ng 5.13 ng 5.02 ng 5.25 ng
Y (5 ng) (5.31 � 0.24) ng 5.29 ng 5.17 ng 5.69 ng

Table 4 Results of the round robin test for the nL droplets with a total mass of 10 ng. The internal standard was Ga (1 ng); the nominal values of
the other elements are listed in brackets. For Ni, one result was about 50% higher than all other results; it has been dedicated as a suspected
outlier and the weighted mean value was calculated with and without it, marked with a and b respectively

nL droplets (10 ng) Weighted mean value Median value Ql Qu

Sc (5 ng) (5.08 � 0.23) ng 4.93 ng 4.81 ng 5.39 ng
Mn (2 ng) (2.00 � 0.09) ng 2.03 ng 1.98 ng 2.08 ng
Nia (1 ng) (1.06 � 0.06) ng 1.04 ng 1.01 ng 1.24 ng
Nib (1 ng) (1.03 � 0.06) ng
Y (1 ng) (1.05 � 0.06) ng 1.04 ng 1.00 ng 1.09 ng
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deposition higher than the actual value in the multi-element
standard solution. This can be seen in some of the results for
Ni, indicated with striped bars in the ESI.† The respective
weighted mean values were calculated with and without these
suspected outliers.

The round robin test, performed with three different sample-
types, had an excellent result of about 5% agreement. There is
no signicant difference in the results of the respective types of
samples, which on the one hand indicates a careful investiga-
tion and selection of the samples for the round robin test. On
the other hand, it illustrates that all types of samples are suit-
able for TXRF applications. The results of the round robin test
showed that it is possible to reach an uncertainty of about 5%
Table 5 Results of the round robin test for the nL droplets with a total m
the other elements are listed in brackets

nL droplets (50 ng) Weighted mean value

Sc (25 ng) (25.12 � 1.00) ng
Mn (10 ng) (10.05 � 0.40) ng
Ni (5 ng) (5.21 � 0.23) ng
Y (5 ng) (5.36 � 0.24) ng

This journal is © The Royal Society of Chemistry 2021
with clearly dened and proven procedures for sample prepa-
ration and measurements. A further reduction of the uncer-
tainty in a round robin test is rather difficult and expensive
because of different, independent instrumentation and
laboratories.

3.2 Validation by physically traceable XRF

In order to validate the results of the round robin samples,
reference-free XRF was performed for one of the mL droplets
with a nominal total mass of 50 ng. Reference-free GIXRF
measurements, performed at the PTB with radiometrically
calibrated instrumentation21 and the knowledge of relevant
atomic fundamental parameters, allow for a quantitative
ass of 50 ng. The internal standard was Ga (5 ng); the nominal values of

Median value Ql Qu

24.80 ng 23.97 ng 25.33 ng
10.18 ng 10.04 ng 10.35 ng
5.15 ng 5.09 ng 5.37 ng
5.42 ng 5.22 ng 5.52 ng

J. Anal. At. Spectrom., 2021, 36, 1933–1945 | 1939
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Table 6 Results of the round robin test for the thin film C0. For Ni, two results were about 30% higher than the other results; they have been
dedicated as suspected outliers and the weighted mean value was calculated with and without them, marked with a and b respectively

Thin lm
C0 Weighted mean value Median value Ql Qu

Sc (3.64 � 0.10) ng cm�2 3.65 ng cm�2 3.48 ng cm�2 3.83 ng cm�2

Nia (6.67 � 0.21) ng cm�2 6.83 ng cm�2 6.53 ng cm�2 8.48 ng cm�2

Nib (6.55 � 0.22) ng cm�2

Table 7 Results of the round robin test for the thin film C4

Thin lm
C4 Weighted mean value Median value Ql Qu

Sc (13.91 � 0.38) ng cm�2 13.68 ng cm�2 12.83 ng cm�2 14.17 ng cm�2

Ni (23.61 � 0.62) ng cm�2 23.80 ng cm�2 22.74 ng cm�2 24.21 ng cm�2
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analysis of the mass deposition and the qualication of refer-
ence materials or calibration samples.20

GIXRF is a technique with modied penetration depth
distribution at different angles of incidence. This is due to the
interaction of the incident and reected beam in the range of
the critical angle of total external reection on at substrates.
This interaction causes an X-ray standing wave (XSW) eld,
which modies the excitation conditions of the sample.28 The
use of GIXRF gives an insight into many different proprieties of
the samples and sample carriers regularly used in TXRF. GIXRF
allows distinguishing of some characteristics of themorphology
and distribution of the applied sample material or stratied
multilayer systems.21,50

For the sake of clarity of the following steps, we consider
several terms; the propagation footprint is the footprint in the
direction of the beam propagation, and thus the footprint in the
storage ring plane. The horizontal distribution is in the direc-
tion perpendicular to the direction of the beam propagation, in
the storage ring plane as well. The vertical direction is perpen-
dicular to the storage ring plane.

First, for the determination of the absolute mass deposition
under TXRF-conditions, the XSW-eld intensity has to be
known for the respective incident angle. A GIXRF angular scan
provides an XSW-eld intensity enhancement factor of 1.60(32).
A more detailed description of the GIXRF measurements can be
found in the ESI.† Second, the vertical size (FWHM) of the
incident beam footprint is smaller than the mL droplet in
vertical direction, which leads to the necessity of performing
a lateral scan (shown in the ESI†). With this information, the
quantication procedure can be performed.

The characterization of the preselected mL and nL droplets
revealed that suitable TXRF samples do not have to be ideally
produced, as long as the internal standard shows an identical
behavior as the other elements of interest in the sample. In
particular, rst the GIXRF measurements showed deviations
from the ideal shape, mainly caused by the roughness of the
substrate. The high roughness leads to a mixture of TXRF and
XRF excitation, reducing the enhancement factor from ideally 2
for particulate type samples28,48 down to 1.6 with an estimated
1940 | J. Anal. At. Spectrom., 2021, 36, 1933–1945
uncertainty of about 20%. In addition, the lateral distribution of
the material in the mL and nL droplets is not homogeneous (see
Fig. 2a and b). Still, the round robin test using these samples
showed an excellent agreement in the results of the respective
laboratories, illustrating the importance of the sample prepa-
ration for TXRF measurements when using an internal
standard.

3.2.1 Reference-free (T)XRF quantication. Reference-free
XRF, a powerful tool for material analysis, was used for the
determination of the absolute mass deposition. Calibrated
instrumentation of the PTB provides experimental and instru-
mental parameters and even enables the determination of
atomic fundamental parameters needed for the reference-free
quantication.51,52 Detailed information about reference-free
XRF quantication in various arrangements is given
in.6,7,21,22,47,53 In this work, the focus is on the reference-free
quantication procedure of a mL droplet under total reection
conditions.

Here, the starting point is the reference-free quantication
with the fundamental parameter approach for the determina-
tion of the mass deposition mi/FI with the unit area FI of the
element i, following modied Sherman-equation
approaches.6,21

Under TXRF conditions, when the propagation footprint of
the incident beam is projected up to several hundreds of mm,
the size of the sample in the propagation direction has to be
known to identify the fraction of the incident beam footprint,
which hits and interacts with the sample, for correct calcula-
tions of the mass depositionmi/FI. But when the total mass is of
interest, which is the case for the droplet sample pipetted on the
glass substrate, the actual size of the sample in the propagation
direction does not have to be known because of the following
reason: in order to achieve the total mass, an integration of the

mass deposition
mi

FI
in both the direction of the beam propa-

gation and the vertical direction is necessary. Following eqn (5)
illustrates the method.

mi ¼
ð
miðx; yÞ

FI

dxdy (5)
This journal is © The Royal Society of Chemistry 2021
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In the propagation direction, where the incident beam
intensity is almost constant over the whole glass substrate, the
integration becomes a product of the mass deposition and the
sample size. Because the same sample size is used in order to
calculate the fraction of the incident beam footprint for the
determination of the mass deposition, it cancels itself out. A
detailed description is given in the ESI.†

In the vertical direction, the sample size was larger than the
incident beam and therefore a numerical integration was per-
formed as a function of the vertical position. Further details on
this quantication procedure aspect can be found in the ESI.†
In the experiment, the step size was ve times smaller than the
FWHM of the vertical beam to make sure that the uncertainty of
the numerical integration is small. The method for the
numerical integration was the Newton–Cotes formulas imple-
mented in the programming language IDL.54

3.2.2 Total mass. In Table 8, the result of the reference-free
quantication is listed for the elements Sc, Mn, Ni and Ga. The
incident photon energy was 10.5 keV, which is below the K-edge
of the element Y. Hence no reference-free quantication was
performed for Y.

3.2.3 Uncertainty budget. The uncertainty budget of the
total mass for the elements Sc, Mn, Ni and Ga in the mL droplet
has three major contributions.

First, the reference-free quantication of the mass deposi-
tion has an uncertainty dominated by the atomic fundamental
parameters. In Table 9, the individual parameters of the
reference-free quantication and the contribution to the total
uncertainty are listed.
Table 9 Major contributions to the uncertainty budget for the referen
elements can vary. A detailed uncertainty budget is given in the ESI

Parameter Rel. uncertainty/10�2

P0 2.0
Pi 1.8
IXSW 20 (estimation)
sXi,E0

2.0
Udet 4.0
mtot,E0,Ei

2.0
uXi

4.0
gl,Xi

1.0

Table 8 Total mass of the elements Sc, Mn, Ni and Ga in a mL droplet.
The left column shows the respective elements including the nominal
values of their respective mass in parentheses. These values are
derived from the standard solution concentrations (chemical trace-
ability) and the deposited volume, assuming that no pipetting losses or
evaporation effects occurred. The right column shows the physically
traceable TXRF results with their uncertainties

Element Total mass

Sc (25 ng) (22.1 � 5.0) ng
Mn (10 ng) (8.3 � 2.0) ng
Ni (5 ng) (4.2 � 0.9) ng
Ga (5 ng) (4.1 � 0.9) ng

This journal is © The Royal Society of Chemistry 2021
Second, the XSW eld intensity for the incident angle used
for the quantication has an uncertainty.

Third, the assumption of an identical GIXRF behavior for
every vertical lateral position of the sample is an approximation.
The combined uncertainty for the second and third contribu-
tion is estimated with 20%.

A detailed uncertainty budget, calculated with the GUM
Workbench soware,55 is given in the ESI.†

When performing quantication without an internal stan-
dard, the non-idealistic properties of the samples, like the high
surface roughness or the lateral inhomogeneity of the material,
have to be determined and considered. This increases the
uncertainty of the result while being traceable when using
calibrated instrumentation and the atomic fundamental
parameter approach for the reference-free quantication.

Within the uncertainty the determined total mass of the
respective elements is in line with the nominal value from the
multi-element standard solution (listed in Table 8 in bracelets).
But, the determined total mass is about 15% lower than the
nominal value for all elements measured, indicating not-
quantied effects of pipetting losses or evaporation effects in
the comparison of the determined and nominal total mass.

A reason for the deviation could be that the total mass of the
randomly chosen mL droplet sample is indeed lower than the
absolute mass aimed at. Additionally performed XRF
measurements, where the uncertainty contribution of the XSW-
eld is negligible, suggest this assumption. Upon the prepara-
tion of the mL droplets, it is likely that a dispersion of the
deposited total mass occurs during the pipetting or the drying
stage. A preliminary examination of the droplets showed that
the detected count rates have a standard deviation of about 10%
from the mean value. The minimum and maximum values have
a difference of about 20%. A previous study17 also reported
a high experimental standard deviation, which was strongly
inuenced by the deposition. Not-quantied loss processes of
the total mass can also occur when pipetting the standard
solution (material remains in the pipette) or when drying the
droplet (material evaporation). These deposited mass reducing
effects may occur for all pre-selected samples in the round robin
test but were not quantied. The quantication in the round
robin activity has been performed by normalization of the
internal standard Ga, which was dened as the intended
nominal value of 5 ng total mass.
ce-free TXRF quantification. The particular uncertainties for different

Comment

Photon ux of the incident radiation
Photon ux of the uorescence radiation
Relative XSW eld intensity
Partial photoionization cross-section
Effective solid angle of detection
Effective total absorption cross-section
Fluorescence yield
Transition probability
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One should note that the determination of absolute masses
(instead of concentration ratios) would require an appropriate
pre-calibration of the instrumental efficiency e.g. by means of
stratied thin-layer calibration samples and was not part of the
round robin activity.

Using the reference-free quantication with the funda-
mental parameter approach, the mass depositions of all
elements in the sample including the internal standard were
determined in a physically traceable manner. Thereby, a vali-
dation of the total mass of one randomly chosen droplet-sample
has been performed. A subsequent normalization to the
nominal value of the internal standard Ga would match the
result of the round robin test. A variation of the mass of the
internal standard Ga in the individual samples was not inves-
tigated by reference-free XRF for the round robin activity in view
of the chemically traceable quantication intended. Only vari-
ations in the elemental mass depositions between Ga and other
elements, respectively, would have affected the results of the
round robin test for a specic sample.
3.3 Normative work

Currently, ISO standards at the level of international standardi-
zation exist for TXRF specically in semiconductor production
(ISO 14706:2014,56 ISO 17331:2004 57) and describe the analysis of
contamination on wafer surfaces. For a general description of
terms and principles of TXRF only a DIN standard (DIN
51003:2004 25) was published several years ago. Therefore, TXRF
is established for chemical analysis in environmental analysis,
forensics, clinical diagnostics and for the control of food and
pharmaceuticals on a broad basis exclusively in laboratories of
research institutes and universities.

In recent years, more powerful low-power X-ray tubes, large-
area detectors, tunable or focusing monochromators, more
powerful spectra unfolding algorithms and new preparation
techniques have been developed. For a general TXRF standard,
an adaptation to the current state of the art and a validation by
means of a successfully carried out inter-laboratory comparison
aremandatory in order to guarantee the validity of this standard
and to promote the spread of TXRF in industrial quality control.

At the international level, standardization is being promoted
by the ISO Technical Committee (TC) 201 and the recently
established Sub-Committee SC10. The standardization of the
method is currently being carried out for the analysis of bio-
logical and environmental samples (ISO/TS 18507:2015,58 ISO
20289:2018 59), but these ISO documents, which are imple-
mented as technical specications, focus on the description of
sample preparation, the presentation of case studies and the
comparison with other atomic spectroscopic methods. It is
remarkable that both standards refer to DIN 51003, which
increases the need to revise this outdated German standard.

In view of recent international inter-laboratory comparison
results15,16 as well as the validation of an updated German
standard, the successful implementation of a predominantly
national inter-comparison was necessary, which led to traceable
measurement results under comparable conditions with ideal
conventional and novel nanoscaled samples and thus described
1942 | J. Anal. At. Spectrom., 2021, 36, 1933–1945
the analytical characteristics of the TXRF independent of
sampling and sample preparation.

In the short term, the completely revised DIN standard will
be introduced as a new work item proposal within the frame-
work of ISO/TC 201.

4 Conclusions

It has been shown that a TXRF round robin test of different
kinds of well-characterized micro- and nanoscaled samples can
achieve excellent results with respect to both accuracy and
precision in comparison to earlier TXRF round robin tests in
which only multi-elemental solutions but no already dried-in
residue samples were provided.15,16 The quantication was
chemically traceable, and was thus based on an internal stan-
dard in all samples (plus pre-calibration of instruments). All
investigated sample types, mL droplets, nL droplets and thin
lms, are suitable for TXRF applications under the condition of
a similar spatial distribution between the internal standard and
the other elements of interest.

The round robin results conrmed nearly equal appropri-
ateness of all three kinds of samples for reliable TXRF calibra-
tion purposes.

By preselecting all dried-in samples in terms of analytical
recovery rates higher than 97% of the respective mean recovery
rate for every element of interest and by characterizing selected
samples with respect to their TXRF response behavior, the specic
requirements of sample distribution on the reective carrier could
be ensured. This includes the proof of the sample at different
rotational orientations with respect to the primary incident beam.
Such a procedure can be recommended not only for the quali-
cation of round robin or calibration samples, but also as a quality
measure of the deposition homogeneity in routine analysis. The
methods for the characterization were mXRF, GIXRF and reference-
free quantication, revealing the spatial distribution, the depth
prole and the absolute amount of the material, respectively.

The determination of the absolute mass deposition with
physically traceable, reference-free (T)XRF includes two goals:
rst, the qualication of calibration samples providing the
internal standard for the thin lms. Second, the validation of
the internal standard in dried-in residue of liquid samples (mL
droplets and nL droplets).

These preselected and well characterized samples are suited as
pre-calibration samples for table-top TXRF-instrumentation. On
the basis of the successful round robin test, the standardization of
TXRF will proceed with respect to a revision of the DIN standard
51003 and the transfer towards the ISO. Further, the participation
of laboratories using TXRF in prociency testings of round robin
activities is highly recommended in view of the adequate use of
the method and for reliable quality management.

The subsequent international round robin intended may
demonstrate the impact of instrument specic calibration
procedures.
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