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Introduction
X-ray spectrometry based on radiometrically
calibrated instruments, which ensures the physical
traceability of quantification to the SI units, is a
unique feature of PTB. For X-ray spectrometry,
various beamlines are available at PTB’s laboratory at BESSY II in the spectral ranges of soft and
hard X-rays (78 eV to 10.5 keV), as well as the
"BAMline" for photon energies up to 60 keV [1–4].
With X-ray spectrometry, surfaces, solids, liquids,
nanolayers and nanostructures can be characterized with regard to their physical and chemical properties – such as chemical composition,
elemental depth profiles, layer thicknesses, and
species and coordination fractions. The functionality of nano-scaled materials with designed
physical and chemical properties can provide new
functionalities for applications in areas such as
health, energy, transport, and climate protection.
Such materials have to be developed increasingly
fast; this requires reliable analytical characterization methods for a timely correlation of the functionalities with the underlying material properties.
Only few reference materials are available in the
different categories with nano-scale structures
or nanolayers, whereas several dozens of new
materials are created every month. This is becoming too much to guarantee a reliable chemical
traceability of numerous characterization technologies. This circumstance – which limits materials
research and development – can be counteracted
by reference measurement procedures such as, for
example, X-ray spectrometry.
Based on radiometry with synchrotron radiation [5], PTB uses calibrated detectors for X-rays
to develop and apply X-ray-spectrometric measurement procedures and quantification algorithms for a characterization of materials that
is physically traceable to the SI units [6]. The
methodology developed by PTB, i.e. reference-free

X-ray fluorescence analysis (XRF), is in the focus of
the constant instrumental and scientific development of X-ray spectrometry for application in the
aforementioned subject areas [7]. Especially the
extension of reference-free XRF for the geometry
of grazing incidence (GIXRF) and the utilization
(thus made possible) of the information depth
(which can be tuned via the angle of incidence)
and of the increased detection sensitivity for
nanostructured materials are some of the goals
of these activities. X-ray absorption spectrometry was further developed for the depth-sensitive
identification and quantification of chemical
valence states in nanostructured materials, and the
information depth, which depends on the angle of
incidence and on the photon energy, was investigated. Besides XRF, synchrotron radiation is used
in the PTB laboratory at BESSY II also for research
and development in the field of high-resolution
X-ray emission spectrometry (XES). So far, the
activities in the field of high-resolution XES have
been focused on investigating the interaction of
electromagnetic radiation with matter, and on the
determination of relevant atomic fundamental
parameters (FPs) such as ionization cross sections, transition probabilities and fluorescence
yields. For a traceable quantification with small
uncertainties, the FPs have to be known with good
accuracy.
New developments in X-ray-spectrometric
instruments are aimed at improved mechanical precision and a flexible beam geometry, as
well as at wavelength-dispersive spectrometers
with the highest possible detection sensitivity in
an extended spectral range and with the capability of radiometric calibration. Furthermore,
vacuum-compatible thin-window cells have
been developed to investigate liquids and carry
out in-situ measurements on battery materials.
Research and development on new XRF instruments and atomic FPs are performed in close
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Figure 1:
Measuring arrangement for X-ray spectrometry with the
9-axle manipulator
in a GIXRF beam
geometry.

cooperation with various manufacturers of
X-ray-analytical devices as well as with several
research institutes. In the following sections, we
will present new developments of instruments as
well as topical examples of applications of X-ray
spectrometry with synchrotron radiation.

Development of instruments for
X-ray spectrometry
For quantitative analysis, by means of synchrotron radiation, on samples having a size of up to
100 mm × 100 mm, a new measuring station has
been developed for X-ray spectrometry and reflectometry measurements [8]. The core piece is an
ultra-high vacuum (UHV) chamber equipped with
a 9-axis manipulator. This special manipulator
(Figure 1) allows a flexible beam geometry and a
precise adjustment of the samples in all translatory
and rotatory degrees of freedom. Furthermore,
the chamber is equipped with several photodiodes mounted on a 2-theta arm to measure the
incident or the reflected photon flux, an aperture
system to define the solid angle of detection, and
a load-lock system to enable fast sample change.
The measuring station is optimized for use at the
plane-grating and at the four-crystal monochromator beamlines
of PTB at BESSY II [4]. The
flexible beam geometry – from
total reflection (TXRF) to

Figure 2:
Concept of the new
calibratable von Hamos spectrometer for
high-resolution X-ray
emission spectrometry in the range of
hard X-rays (2.4 keV
to 20 keV).
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grazing incidence (GIXRF) and to the conventional 45° geometry – and the fact that X-ray
reflectometry can be performed simultaneously,
allow the characterization of complex sample
systems such as nanolayers, nanoparticles and
interface layers with regard to mass deposition,
layer thickness, depth-dependent elemental composition, and chemical species. At the same time,
it is also possible to investigate the molecular
orientation of organic bonds by means of polarization-dependent experiments. The design of
the measuring station is the basis for successfully
completed technology transfer projects carried
out with the Berlin Laboratory for innovative
X-ray Technologies (BLiX), which is accommodated at Berlin Technical University, for use with
a plasma source, as well as with the International
Atomic Energy Agency (IAEA) of the United
Nations and the Laboratoire National Henri
Becquerel (LNE LNHB) for use at the storage
rings ELETTRA in Trieste, Italy, and SOLEIL in
Saclay, France.
A further example of the development of instruments for X-ray spectrometry at PTB is the extension of calibratable wavelength-dispersive spectrometers to detect X-rays with photon energies
higher than 2.4 keV. To this end, a crystal spectrometer is currently being constructed and will be
set up in 2016 (see Figure 2). This new spectrometer will be optimized to be calibratable and to have
the highest possible sensitivity as well as a broad
spectral range utilizable for XES experiments.
High sensitivity is to be attained by designing the
dispersive crystals as full cylinders in von Hamos
geometry, and by using mosaic crystals made of
highly annealed pyrolytic graphite (HAPG) with
high reflectivity and very small mosaic spread.
For characterization, various HAPG crystals were
investigated (within the scope of a joint project
with TU Berlin and the Optigraph company) with
regard to relevant characteristics (reflectivity and
homogeneity) at the BAMline [4] using diffractometry. In addition, the crystals were characterized with regard to their energetic resolving power
within the scope of spectroscopic tests at PTB’s
white-light dipole beamline.

Reference-free X-ray fluorescence (XRF)
analysis
XRF is a widely used method for the
non-destructive characterization
of materials for determination of
the elemental composition, layer
thicknesses, mass distributions
and minimum contaminations [9].
Quantification is normally traced
to certified calibration standards and
reference materials with the most similar matrix
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elemental composition (chemical traceability)
possible. The decisive advantage of XRF without
reference samples – as developed by PTB – is that
it is absolutely independent of suitable calibration
standards and reference materials, as these are
often not available or would have to be developed
and certified with great effort [7]. Especially
when characterizing new materials in the field of
nanotechnologies with very short and dynamic
development cycles, reference-free XRF can be
used very flexibly and without any limitation due
to a lack of calibration standards.
Thanks to the development and validation of
the concept of "effective solid angle of detection",
reference-free XRF can also be used for beam
geometries of grazing incidence [10]. This has
allowed the scope of application of this method to
be considerably extended. In the area of TXRF, for
example, extremely small amounts of substance
were determined on various substrate materials
(e.g. semiconducting substrates such as Si, SiO2,
Ge, GaAs, InGaAS, InP, etc.) [11]. In the transition range between TXRF and conventional 45°
geometry, GIXRF allows the composition and
thickness of thin layers and multilayer systems
to be determined down into the sub-nanometer
range [12]. In addition, the adjustable information
depth can be used for the quantitative characterization of element depth profiles such as, for
example, ultra-shallow implantations or diffusion
profiles [13].

Determining atomic
fundamental parameters (FPs)
Quantitative XRF is based on the precise knowledge of the atomic fundamental parameters (FPs)
involved, which allows physical modeling of
the characteristic X-ray fluorescence radiation
emitted by a sample. The FPs consist of mass
absorption coefficients, ionization cross sections,
fluorescence yields, Coster-Kronig factors, and
transition probabilities. The different databases
available for these fundamental parameters are
based on – partly – rather old experimental and
theoretical data with estimated uncertainties
amounting to up to 50 % [14]. Using radiometrically calibrated instruments of PTB [8], different atomic FPs can be newly determined with
traceable and reduced uncertainties [15–17]. For
this purpose, dedicated experiments are carried
out with – usually – thin, self-supporting foils
of the elements to be investigated. For example,
the photon-energy-dependent mass attenuation
coefficients can be obtained from transmission
measurements, whereas determining fluorescence
yields or Coster-Kronig factors requires experiments with energy- or wavelength-dispersive
X-ray detectors [18].
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Grazing incidence
X-ray fluorescence analysis (GIXRF)
Reference-free GIXRF can be used to obtain quantitative and non-destructive access to elemental
depth gradients in thin layers at the nanometer
and at the micrometer scale, for example the
determination of elemental depth profiles of ion
implantations [13]. This procedure is used in the
semiconductor industry to generate ultra-shallow doping profiles with depths in the range of
a few nanometers. The optical properties of the
substrate material are in part – depending on the
implanted dose and on the material combination –
considerably modified in the implanted depth
range. If these modifications are not taken into
account when computing the wave field (XSW)
created at the surface and at the interface of very
flat materials, this leads to considerable deviations
in the calculated elemental depth profile [19, 20].
The simultaneous measurement of the intensity
of the radiation reflected by the sample, however,
provides access to the optical constants of the
implanted sample, so that simultaneous modeling
of the measured reflectivity allows a significantly
improved XSW computation and – thus – reliable depth profiling of the implantation. This is
illustrated by the graphs shown in Figure 3 with
the example of an aluminum implantation in
silicon [21].
Hereby, the aluminum profile represented in
green has been computed with an XSW field using
tabulated optical constants of silicon, thus neglecting the influence of the implantation. Compared
to the simulated element profile (TRIM [22]) and
to the results of complementary measurement procedures such as secondary-ion mass spectrometry
(SIMS), clear deviations are obvious. The results
are clearly in better agreement with each other
when reflectometry data obtained from measurements is used simultaneously to compute the wave
field (purple curve).
Taking self-absorption and secondary excitation effects into account, also matrix elemental
gradients can be determined of rough layers with
thicknesses of a few micrometers. An example
of such an application is the determination of
the elemental depth distribution in Cu(In,Ga)
Se2 absorbers of high-efficiency thin-film solar
cells (Figure 4) whose efficiency depends on the
optimum adjustment of the band gap within the
absorber layer by varying the depth of the elemental composition [23, 24]. These approx. 2 µm
thick layers exhibit a double gradient in the
Ga concentration. Whereas the average Ga concentration lies between 8 at% and 9 at%, at the
same time, a clear gradient of the Ga concentration becomes visible, with a maximum at the
surface and on the reverse side of the absorber

59

Metrology with Synchrotron Radiation

Figure 3:
Comparison of the elemental depth proiles determined by means of GIXRF for
Al implantations in silicon with a dose of 1016 atoms per cm2 and an implantation
energy of 50 keV. If not taken into account, the changed optical constants of the
ion-implanted silicon lead to a signiicant deviation of the determined elemental
depth proile.

Figure 4:
Layer model of a
Cu(In,Ga)Se2 thinilm solar cell. For
the GIXRF investigations, the Cu(In,Ga)Se2 absorber is
measured on the Mo
back contact and on
the glass substrate
without a CdS buffer
layer nor a ZnO
window layer.

Figure 5:
Elemental depth distribution of Cu, Ga, In and Se quantiied without a
reference sample in a Cu(In,Ga)Se2 absorber (Figure 4) [25].
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layer (Figure 5). Since In and Ga occupy the same
lattice sites, the In gradient runs in the opposite
direction to the Ga gradient. The concentrations
of Cu and Se run nearly constantly. Hereby, the
Ga-to-In gradient may, depending on the process
parameters used for manufacturing, vary from
a few at% to up to 10 at%. In and Ga determine,
among other things, the band gap of the absorber
layer. For maximum efficiency of the solar cell, the
elemental depth gradient must be adjusted optimally, taking the available process methodologies
into account. Within the scope of a cooperation
project between PTB, Helmholtz-Zentrum Berlin
für Materialien und Energie (HZB) and TU Berlin,
a quantification algorithm based on reference-free
GIXRF measurements was developed to allow
quantitative access to the elemental depth gradient
in thin-film solar cells [25]. Hereby, the angular
regime between 0° and 3° exhibits high sensitivity
for the Ga-to-In gradients [26].
Using a reference-free GIXRF methodology can,
thus, contribute to developing new manufacturing
procedures for thin-film solar cell absorbers, for
example by qualifying suitable calibration samples
for complementary inline and offline procedures.
Furthermore, this methodology can be applied not
only to Cu(In, Ga) Se2 thin films, but also to the
characterization of the most various micro- and
nano-scaled layers made from various fields of
materials science.

High-resolution
X-ray absorption spectrometry
The combination of near-edge X-ray absorption
fine structure spectroscopy (NEXAFS) and GIXRF
enables the depth-sensitive and non-preparative
determination of the chemical properties of buried
structures and interfacial layers – i.e. without
unintentionally modifying the object under investigation. The angle of incidence and the photon
energy hereby define the penetration depth of the
excitation radiation as well as the XSW created at
the surface and at the interface of flat materials,
which allows the mean information depth to be
varied. Furthermore, the XSW depends on the
energy-dependent complex refractive index of
the material. With the NEXAFS method, the fine
structure of the X-ray absorption edges is investigated by varying the photon energy of the incident
X-rays. If the photon energy is varied in the range
of the absorption edge of a matrix element, then
the penetration depth – and thus the information
depth – clearly changes. To obtain a constant mean
information depth within a NEXAFS measurement, the angle of incidence must therefore be
adapted in such a way that the energy dependence
is constant. To determine the chemical species
at an interface, NEXAFS measurements must be
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carried out at different information depths (upper
layer, interface and bottom layer) to be able to
apply comparison and differential methodologies. The respective angle of incidence must have
been determined in advance; this can be done
experimentally or by modeling [20]. This strategy is implemented and validated by means of
the thin-film model system depicted in Figure 6,
which consists of the transition metal nickel and of
a boron carbonitride [27]. The NEXAFS spectra
of nickel at the interfacial layer represented in
Figure 7 show that, depending on the synthesis
temperature, nickel forms a different bond at
the interface towards lighter elements. At lower
temperatures (200 °C), besides the metallic Ni,
also a Ni-C bond forms at the interface. At higher
temperatures (from 400 °C to 500 °C), the nickel
atoms are distributed over the full layer system
with a thin metallic layer at the surface as well as
Ni-Si and Ni-O compounds in the substrate. The
results shown here confirm the potential of this
non-destructive and non-preparative methodology
for interface speciation. Especially the combination of NEXAFS and calibrated instruments
makes it possible to consider the mass deposition
of the species in absolute values with known
uncertainties.
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erably reduces the intensity of the fluorescence
radiation that can be detected by the spectrometer.
Figure 8 shows the emission spectra of a metallic
Ti layer and of a TiO2 layer which were recorded
with the grating spectrometer and the monocapillary. Both layers are 100 nm thick and were deposited onto a Si3N4 membrane of 200 nm thickness.
Besides the satellite lines, which are characteristic
of covalent bonds, one can see a modified intensity
ratio of the two L3 diagram lines Ti-Lα and Ti-LI
for TiO2 [28]. This is due to the formation of the
molecular orbitals whose energetic position and
distribution differ from the M4,5 shells (3d) of the
metallic titanium. The different intensity ratios of
the L fluorescence lines of Ti and TiO2 confirm
that the fundamental parameters may depend on
the chemical bond.

X-ray emission spectrometry
The measurement of the X-ray emission of a sample
with high spectral resolution – as made possible by
wavelength-dispersive spectrometers – allows the
separation of the spectral fractions of the different
fluorescence processes involved with regard to
their transition energy and to their line intensity.
With this method, a quantitative determination of
the transition rate is possible, as well as the determination of the chemical shifts of the transition
energy. The measurement of transition rates in the
soft X-ray range (< 2 keV) with a calibrated grating
spectrometer developed by PTB can be used for the
traceable determination of FPs for XRF quantification with reduced uncertainties [16]. The observation of the chemical shifts and of the bond-dependent satellite transitions in the emission spectrum
of a sample allows the chemical speciation of the
compound or the determination of the oxidation
state of the respective elements [28].
For the chemical speciation of low mass deposition and of buried nanolayers, the grating spectrometer was extended by X-ray focusing optics
in the excitation channel in the form of a single-bounce elliptic monocapillary which enhances
the sensitivity of the spectrometer by up to a factor
of 5. This allows the re-focusing of the undulator
radiation below 15 µm on the sample, so that the
entrance slit can be dispensed with while maintaining resolving power, which otherwise consid-

Figure 6:
Schematic representation of a GIXRF-NEXAFS experiment on a buried Ni/BxCyNz
interface.

Figure 7:
NEXAFS spectra of nickel at the interface (Figure 6) for three samples with
different depositing temperatures. The NEXAFS spectrum of the interface was
determined from several NEXAFS measurements with different information depths
by comparison and difference methodologies.
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Liquid cells and in-situ metrology

Figure 8:
X-ray emission spectra of a metallic Ti layer (black) and of a TiO2 layer (blue).
Both spectra exhibit a different line ratio for Lα and Ll. The model spectra that
were adjusted with the aid of the response function of the grating spectrometer for
spectrum deconvolution are shown in green (Ti) and in red (TiO2).

Figure 9:
Experimental design
for the characterization of liquids or interfaces by means of
X-ray spectrometry
under vacuum.

Figure 10:
NEXAFS spectrum in the photon
energy range from
395 eV to 425 eV of
a SiC window as a
reference and, for
comparison, with
a window whose
reverse side has
been coated with
the protein from the
jack bean, concanavalin A.
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The in-situ characterization of solid liquid
interfaces is an important field for bio-analytics, medical diagnostics, the characterization
of battery materials as well as the fundamental
understanding of chemical and electro-chemical
processes on surfaces. In soft X-ray spectrometry,
special requirements are placed on the test set-up,
since the experiments have to be performed under
UHV conditions. For this purpose, vacuum-compatible measuring cells are used which have thin
windows and are transparent or weakly absorbing for radiation. The liquid or the solid liquid
interface located at the inner side of the window
can be measured through the ultra-thin windows.
Figure 9 shows the typical experimental design for
the characterization of such interfaces and liquids
under ultra-high vacuum conditions. The material
used for these windows is, for example, 150-mmthin Si3N4 and SiC layers.
The chemical characterization of the solid liquid
interface is performed by NEXAFS measurements.
Organic substances, for example, are investigated as a function of the material selected for
the window by means of NEXAFS analysis at the
K edges of carbon and nitrogen. Figure 10 shows
how concanavalin A, a protein from the jack bean
which consists of 237 amino acids, is detected by
means of a comparative NEXAFS measurement
at the nitrogen K edge. The characteristic of this
protein is the resonance of the amide bond at
401.2 eV.
A similar measuring cell is to be developed for
the in-situ characterization of Li-S battery materials for a spectrometric investigation of sulphur
in porous cathodic layers. At this stage of devel-
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opment, the ex-situ measuring cells can be used
to carry out NEXAFS measurements on cathodic
material under controlled atmosphere (argon)
without exposing the material (which is very
reactive to air) to the ambient air after the electro-chemical cyclization [29]. The aim of developing this ex-situ cell further is to allow Li-ion
batteries to be characterized in operando by means
of X-ray spectrometry in order to observe degradation processes in real-time during the charging
and discharging cycles.
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