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In various technological fields, different nanomaterials are being used to push toward ever smaller and more
complex structures. Different X-ray based methods can be extremely helpful to develop, analyze and
improve such materials. Combining element sensitivity with lateral in-depth resolution, grazing incidence
X-ray fluorescence (GIXRF) is a perfect candidate for this task. GIXRF represents an extension of standard
X-ray fluorescence analysis (XRF) and total reflection XRF, and its utility has been demonstrated in
a number of synchrotron studies over the years. Especially with improvements in X-ray sources and X-
ray optics, GIXRF has become accessible to laboratory setups as well. Based on the principle of
reciprocity, grazing emission — or gazing exit X-ray fluorescence (GEXRF) was postulated and proven to

work in a similar way as GIXRF, with different advantages and disadvantages due to the inverse geometry.
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are not yet widespread in research and industry. Thus, this review aims to give a comprehensive
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1 Introduction

Grazing Incidence X-ray Fluorescence (GIXRF) and Grazing
Emission X-ray Fluorescence (GEXRF) techniques are special-
ized methodologies within the broader field of X-ray Fluores-
cence (XRF) spectrometry. XRF, a well-established technique for
bulk elemental analysis, typically involves the excitation of
a sample with X-rays and the subsequent detection of charac-
teristic fluorescent X-rays emitted by its constituent elements.
In contrast to conventional XRF, where the excitation angles are
relatively large (typically in the range of 30° to 60°), the excita-
tion geometry for GIXRF is employing grazing incident angles
near the angle for total external reflection. At angles below this
material and photon energy dependent critical angle of total
external reflection, the incident X-ray radiation is nearly fully
reflected, when considering microscopically and macroscopi-
cally flat sample surfaces, i.e., surface roughness comparable or
smaller than the X-ray wavelength propagation at a grazing
angle and no change in surface slope within the x-beam
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industry of these versatile nanoscale characterization methods.

propagation path, resulting in lowest penetration of the
substrate, high excitation probability at the surface and low
spectral background contributions. In total-reflection XRF
(TXRF),"* one takes advantage of this phenomenon to achieve
lowest detection limits for ultra-sensitive element-sensitive
contamination control on flat surfaces.

However, in GIXRF, unlike in TXRF, the angle of incidence is
varied in a range around the critical angle to manipulate the in-
depth excitation conditions and thereby obtain depth depen-
dent fluorescence emission. At incidence angles below the
critical angle for total external reflection, nearly all of the radi-
ation is reflected at the sample surface and only a small fraction
penetrates the sample near the surface. For incidence angles in
the vicinity of and above the critical angle, the radiation is no
longer completely reflected at the surface and an angle-
dependent fraction penetrates deeper into the sample. The
average penetration depths for GIXRF varies in the range of
a few nm and several hundred nm up to several pm, depending
on the excitation energy used, the angle of incidence and the
sample material.

GIXRF also takes advantage of another phenomenon that
occurs when an X-ray beam is reflected at a flat interface. In the
case of total external reflection of a monochromatic parallel X-
ray beam at a very flat interface, an X-ray standing wave field
(XSW) is generated by interference between the incident and
reflected beams above this interface. It is characterized by an

This journal is © The Royal Society of Chemistry 2025
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alternating sequence of intensity maxima (anti node) and
minima (node) and modifies the depth dependent intensity of
the evanescent field even below the boundary layer. By varying
the angle of incidence, these intensity modulations can be
exploited in the standing wave field:** appropriate excitation
conditions can be used, for example, to enhance the excitation
of thin layers on the surface or even buried layers by shifting the
wave field so that the intensity is maximal within the structure
under investigation. In this way, the intensity of the fluores-
cence radiation produced is varied as a function of depth.

Due to the strong dependence of the vertical intensity
distribution on the angle of incidence and photon energy, the
standing wave field can be used very well as a nanoscale sensor
to probe the in-depth distribution of elements of interest. An
early application of this technique was the determination of
arsenic ion implantation profiles in silicon. In the following
years, several early applications of the GIXRF technique fol-
lowed for ion implantation depth profiling and thin film stack
characterization. For a more detailed summary of the early
years, the reader is referred to the older review papers.®”

In the same time period, Becker et al.® introduced GEXRF
based on the principle of microscopic reversibility. It states that
excitation and detection can also be considered in reverse.
Thus, GEXRF can be introduced based on the geometry of
GIXRF but by exchanging and inverting the paths for excitation
and detection: the excitation is now similar to general XRF at
rather large incident angles far above the critical angle but the
detection of the fluorescence radiation is realized at very
shallow angles. Thus, also in GEXRF the probed depth changes
with the detection angle. A comparable interference pattern to
the X-ray standing wave field in GIXRF can arise in GEXRF by
interference of different possible detection paths. These serve
as the nanoscale in-depth sensor in GEXRF.

Due to these features, both techniques are highly suitable for
depth profiling applications in the surface near region
providing sensitivities for in-depth changes in the nanometer
regime. As a consequence of the reversed geometry, GIXRF and
GEXRF have different advantages if compared to one another.
However, for both techniques the depth-dependent information
about the sample under test can only be derived indirectly
employing forward-calculation based approaches. In the
following, we provide a more detailed insight into the under-
lying theories of both techniques, provide different calculation
examples and provide summaries of recent application in
different areas for both techniques. This review completes the
series of past reviews on GIXRF*® and GEXRF," as well as the
work provided by Klockenkaemper and von Bohlen” and focuses
mainly on the latest application examples, which were pub-
lished after the publication of these previous works.

2 Grazing incidence X-ray
fluorescence analysis
2.1 Theory of GIXRF

As in conventional XRF, the physical description of GIXRF
experimental data is described by the Sherman equation.™ It
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allows the observed fluorescence emission under specific
experimental conditions to be quantitatively correlated with the
depth-dependent composition of the sample. In conventional
XRF or TXRF applications, the Sherman equation is usually
used to determine only the composition of the sample, or more
precisely, the masses per unit area of the elements present. In
GIXRF, however, dimensional information can also be obtained
due to the profound changes in excitation conditions as the
angle of incidence is changed. The Sherman equation for GIXRF
can be written as

4msin 0; F(6;, Ep)

00 PoEo)er WipQdz-S " P(2)- Ixsw(6;,2) -exp [_puEfz]

(1)

Here, the observed count rate F(6;, E,) of the fluorescence line of
interest at an incident angle 6; and incident photon energy E,
must be normalized with respect to the effective solid angle of
detection Q(6,)/4w, the incident photon flux ®y(E,) and the
detection efficiency ez of the detector used for the observed
fluorescence line energy. The weight fraction W; of the element
of interest within the sample matrix, its density p and the
fluorescence production cross section Q for the fluorescence
line of interest combine for a scaling factor to match the
calculated fluorescence intensity with the normalized experi-
mental data. The depth dependent model for the distribution of
the element of interest P(z), the relative intensity factor Ixsw(6;
2) for the X-ray standing wave at an angle of incidence 6; and
a depth z, and a self-attenuation correction factor for the fluo-
rescence line of interest on its way out of the sample to the
detector are calculated at each depth using the sample matrix
mass attenuation factor for the fluorescence line energy before
a numerical integration is performed to obtain the integral
fluorescence emission at a given angle of incidence.

For depth profiling applications, an optimization algorithm
is usually employed to automatically determine optimal values
for the depth distribution of the element of interest within the
sample matrix by comparing the theoretically calculated fluo-
rescence emission at different incident angles (right side of eqn
(1)) with the normalized experimental data (left side of eqn (1)).
In reference-free GIXRF, where the employed instrumentation
is physically calibrated,">'* all relevant parameters of the
instrumentation used are known. If this is the case, the depth
integral of the derived depth profile provides the total mass
deposition or mass per unit area of the element of interest
within the sample matrix. If not all of these parameters are
known absolutely, only qualitative depth profiles can be
derived. However, upon proper calibration employing well-
known samples, such an instrument can also be enabled to
derive quantitative results.™

In any case, the effective solid angle of detection, which
results from the interplay between the field of view of the
fluorescence detectors, the sample size, and the incident angle-
dependent projection of the spatial intensity distribution of the
incident beam, is of great importance as it strongly modifies the
observed angular fluorescence emission and must therefore be
taken into account. The effective solid angle or geometric
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function is highly instrument specific, as the actual beam
properties and detector geometry are critical parameters.
Several publications®***™*® deal with this issue and should be
considered when trying to approach this problem for any GIXRF
instrument.

The other crucial parameter for the required forward-
calculation modeling is of course the ability to calculate the
angle and depth dependent X-ray standing wave intensity distri-
bution Ixsw(f;, z). This in turn depends on the sample properties.
Of course, the optical properties of the sample, which depend on
the depth dependent composition, also determine the sample
reflectivity for a given photon energy and angle of incidence.
Since the XSW is a result of interference between incident and
reflected waves, the dependence on optical properties is obvious.
Consequently, the XSW calculation should be included in the
forward-calculation and provided with the relevant sample
properties. If the element of interest is present at a very low
concentration, this may be negligible in special cases. For the
calculation of standing wave fields for GIXRF experiments, the
recursive algorithm® is usually used. DeBoer and colleagues™
provided the first comprehensive physical description of GIXRF,
allowing forward-calculation based modeling of GIXRF experi-
mental data. Several different implementations for the calcula-
tion of the X-ray standing wave field exist'**** as a result of
numerous research groups working with the technique in recent
years. Some of these programs also provide tools for modeling
experimental GIXRF datasets.

Due to the complementary nature of the analytical infor-
mation provided by GIXRF and the dimensional information
provided by X-ray reflectometry (XRR), a combined analysis of
GIXRF and XRR data is also feasible, and often required, to
obtain reliable depth profiling results.>****” This was already
identified as a promising approach to improve GIXRF reliability
by de Boer et al.® in the mid-1990s. However, this combined
methodology has not really been used until about 2005. Since
then, several research groups have taken up the idea and
successfully applied it for in-depth characterizations of mostly
nanolayered systems.'*****>7 A special case here is the GIXRF-
XRR based analysis of multilayers, where the XSW occurring
around the Bragg reflection peaks of the multilayer is used to
probe the in-depth material distributions either inside the
multilayer®**** or on top of it.** Other applications focused on
the in-depth characterization of ion implants.>**+*¢

A novel application for GIXRF is the characterization of well-
ordered nanostructures, typically used in semiconductor fabri-
cation. Here, nanopatterned surfaces such as lattice structures
are fabricated in two or three dimensions to build state-of-the-
art transistor architectures.” When GIXRF is performed on
such nanostructured surfaces, the interplay between the XSW
and the nanostructures is also two-dimensional: in addition to
a change of the penetration depth perpendicular to the
reflecting surface with increasing angle of incidence with
respect to the surface (6), there is also a pronounced effect in the
orthogonal direction. Changing the angle of incidence with
respect to the orientation of the nanostructure (®), e.g. the
lattice lines, changes the penetration behavior of the incident
radiation with respect to the sidewalls of the nanostructures.
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This results in relatively rich fluorescence intensity maps as
a function of the two incident angles. This additional angular
dependence in GIXRF was first observed on chromium gratings
in 2014, but could not be fully described by a physical model
until a new approach for the calculation of the X-ray standing
wave field using finite elements (FEM) was adopted.*>*® With
FEM solvers, the X-ray standing wave field distribution can also
be calculated for such highly oriented nanostructured surfaces,
where the established codes using the matrix method fail.

In Fig. 1, the FEM-based calculations of the normalized 2-
dimensional integrated XSW inside the TiO, (left) and the HfO,
(right) for a nanoscale grating structure as shown in the inset
are shown. Identical geometrical parameters for the nano-
structure as determined in ref. 51 were used. It can be seen how
the regularly ordered nanostructure leads to a strong additional
dependence on the azimuthal angle @, which would not be
observed for stratified layers or randomly ordered nano-objects.
For more details on this special case of GIXRF, the reader is
referred to 49-51.

2.2 Exemplary GIXRF calculations

To illustrate the basic relationships between different sample
types and their corresponding GIXRF fluorescence signals,
several simple cases are treated in the following. For direct
comparability with GEXRF, the same sample systems will be
treated later in Section 3.2.

As a first case we consider a thin homogeneous Ni layer
(thickness is 1 nm) on a silicon substrate. When the photon
energy of the excitation radiation is 9.5 keV and thus above the
Ni-K absorption edge, Ni-K shell fluorescence can be observed.
Both the intensity of this Ni-K shell fluorescence signal and the
sample reflectivity versus angle of incidence are shown in Fig. 2.
The GIXRF response of this sample follows the classical thin
film behavior (see ref. 7) with the maximum at the critical angle
of total external reflection of the underlying Si substrate for this
incident photon energy. The peak is due to the fact that the XSW
generated above the sample surface penetrates the thin film at ¢
= Bcric With its first maximum, resulting in (ideally) a twofold
enhancement of the fluorescence signal with respect to high
incident angles for which no XSW is present.

For comparison, the critical angle for total external reflection
of Ni is also shown. Due to the higher optical density of nickel
compared to silicon, it has a higher critical angle at 9.5 keV. The
fact that the thin Ni layer does not affect the critical angle of the
sample system indicates that it does not have a significant
influence on the XSW. With increasing thickness of the Ni layer
this changes gradually.

When the Ni layer is 10 nm thick, the resulting XRR and
GIXRF signals change significantly. Fig. 3 shows the resulting
calculations also for an incident photon energy of 9.5 keV.
Compared to the thin film data, the XRR shows strong oscilla-
tions. They are caused by interference between radiation re-
flected from the surface and photons reflected from the silicon
surface. Their frequency is also a good indication of the thick-
ness of the Ni layer.>

This journal is © The Royal Society of Chemistry 2025
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Fig.1 FEM-based calculation of the normalized 2-dimensional integrated XSW inside the TiO, (left) and the HfO, (right) for a nanoscale grating
structure as shown in the inset. The geometrical parameters are taken from ref. 51.

In GIXRF, one would obviously observe a more intense
fluorescence signal compared to the thin film example, but also
the dependence on the incident angle changes quite drastically.
The peak shifts to higher incident angles because the critical
angle is now determined by the Ni layer, which can also be seen
in the XRR data. In contrast to the thin film, it is not exactly at
the critical angle. This is due to the fact that the integral
intensity inside the layer, and thus the emitted fluorescence
radiation, continues to increase above the critical angle. In
addition, a weak second peak is visible that is coincident in
position with the peak in the reflection curve, illustrating the
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Fig. 2 Exemplary calculation of GIXRF and XRR response of a 1 nm Ni
layer on a silicon substrate and an incident photon energy of 9.5 keV,
which is well above the Ni-1s photoionization threshold of 8333 eV.
The nominal critical angles for total external reflection of Si (0.189°)
and Ni (0.351°) at this photon energy are also indicated by vertical
dashed lines.
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interdependency due to modulations in the XSW intensity. This
can be nicely followed in the corresponding XSW field distri-
bution shown in Fig. 4. The first peak of the fluorescence curve
as well as the first and second peak of the XRR curve are marked
with vertical dotted lines in both images. It can be clearly seen
that at the critical angle for Ni (horizontal dashed line) a high
local XSW intensity penetrates the surface of the Ni layer but not
the entire layer. At slightly higher incident angles, the entire
layer is probed, resulting in a higher overall fluorescence signal.
The dotted line at § = 0.627° indicates the first maximum of the
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Fig.3 Exemplary calculation of GIXRF and XRR response of a 10 nm Ni
layer on a silicon substrate and an incident photon energy of 9.5 keV,
which is well above the Ni-1s photoionization threshold of 8333 eV.
The nominal critical angles for total external reflection of Si and Ni are
also indicated by vertical dashed lines. The black dotted lines mark
special positions in either the GIXRF or the XRR data and are explained
in the text. They are also marked in the corresponding XSW depicted in
Fig. 4.
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Fig. 4 Corresponding XSW field for the calculations in Fig. 3. The
vertical dashed lines indicate the position of the Ni layer. The hori-
zontal dashed line indicates the critical angle for Ni and the three
dotted lines the positions already marked in Fig. 3.

XRR curve. This increased reflectance results in larger XSW
intensities as it is the interference between the incident
(constant) and reflected (modulated as shown in the Fig. 3)
waves. Similar behavior can be seen at the second XRR peak
position at § = 0.975°.

As a more complex example, two more layers (Ti and Cr) are
added on top of the Ni with a thickness of 10 nm each. For this
example, the calculated GIXRF and XRR are shown in Fig. 5 and
the corresponding XSW is shown in Fig. 6. The general behavior
of the three GIXRF signals is very comparable as they all show
a peak near the critical angle of the system and some oscilla-
tions slightly above. The angular positions of the first peaks of
each layer increase as the layer moves deeper into the stack.
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Fig.5 Exemplary calculation of GIXRF and XRR response of a 10 nm Ti
on 10 nm Cr on 10 nm Ni layerstack on a silicon substrate and an
incident photon energy of 9.5 keV, which is well above the 1s
photoionization thresholds of the three metals. The dashed line in the
lower left corner at y = 0.5 helps to directly see the layer sequence
from surface to the substrate as it correlates with the sequence of each
layers fluorescence rising above the dashed level.
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Fig. 6 Distribution of the X-ray standing wave field for the same layer
stack as in Fig. 5 and an incident photon energy of 9.5 keV.

This demonstrates the simplest form of GIXRF depth profiling,
as the sequence of layers can be inferred directly. However, the
overall height of the fluorescence peak decreases as the layer
gets deeper in the stack.

Both of these observations can be nicely explained by looking
at the XSW field distribution in Fig. 6. The XSW penetrates
deeper into the stack as the angle of incidence increases,
resulting in the angular shift of each peak position. In addition,
the total reflectance decreases and so does the total XSW
intensity. This causes the fluorescence peak heights for the
different layers to decrease.

In summary, these examples demonstrate the basic rela-
tionships between a sample's reflectivity versus angle of inci-
dence, the X-ray standing wave field, and the observed GIXRF
data. In a simple picture, a given material at a given position in
depth interacts very differently with the XSW, resulting in a very
different GIXRF signal. Using forward modeling schemes, the
position of the material in depth, the distribution in depth and,
if the instrumental setup allows, the amount of material can be
determined.

2.3 Exemplary setups for GIXRF

In general, experimental setups for GIXRF based experiments
do not differ much from typical instrumentation for e.g. total
reflection X-ray analysis or X-ray reflectometry analysis. Obvi-
ously, one needs a monochromatic X-ray source with a colli-
mated, parallelized exit beam or at least low angular divergence.
Here, the required photon energy resolution should be below

AE
1073 (?> . The sample must be able to be rotated with respect

to the incident beam, the rotation axis needs to be contained
within the sample surface plane and, of course, the generated X-

This journal is © The Royal Society of Chemistry 2025
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Grazing incidence X-ray fluorescence

Energy
.— dispersive
Detector
Sample

Incident radiation
Fluorescence radiation

Fig. 7 Schematic view of a typical experimental arrangement for
grazing incidence X-ray fluorescence analysis.

ray fluorescence radiation must be detected with an adequate
detection system. Today, silicon drift detectors are usually
chosen because they offer a very good count rate capability,
which is important for GIXRF due to the high dynamic range of
the substrate signals during an angular scan. A schematic view
of the basic GIXRF geometry is shown in Fig. 7. The incident
angle 6 is usually defined as the angle between incident photon
beam and sample surface and it is changed from zero up to
a few degrees. The fluorescence detector is typically kept in fixed
position in a nearly perpendicular position to the sample.

It is also quite useful if the vertical and horizontal intensity
profile of the incident beam is known or can be determined, as
it is a crucial input parameter for the calculation of the effective
solid angle of detection Q (see eqn (1)). The other necessary
input parameter for this important value is the distance
between the sample and the detector chip and, if necessary, the
geometry of the collimator, the magnet or the entrance window
of the detector. It is therefore necessary to ensure that these
quantities can either be determined separately or that the
effective solid angle can be derived for the particular setup
using known samples as described for example in ref. 18.

In addition, the necessary degrees of freedom for accurate
sample alignment must be available. The alignment must allow
absolute knowledge of the incident angular scale. In addition,
a common intersection of the center of the incident beam
profile, the axis of rotation for the incident angle, and the center
of the field of view of the detector and the surface of the sample
must be ensured. This is critical for reliable interpretation of
the recorded GIXRF data.

For a more detailed description of the needs and require-
ments of GIXRF setups, which are beyond the scope of this
work, the reader is referred to the book by Klockenkaemper and
von Bohlen.”

There are several sources of inspiration for GIXRF setups.
Synchrotron-based GIXRF setups are used at the electron
storage ring BESSY II in Berlin (Germany),* at the synchrotron
radiation source Indus-2 (ref. 40) in Indore (India), at the SOL-
EIL synchrotron near Paris (France),** at the DELTA synchrotron
in Dortmund (Germany)®® and at the ELETTRA synchrotron in
Trieste (Italy).*®
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The laboratory-based GIXRF setups typically use X-ray tubes
as excitation sources and are usually custom-built
instruments.””*”"* In recent years, however, commercial tools
have also emerged and can be easily ordered for laboratory-
based GIXRF applications.'***%

A commercially available instrument from Bruker has also
been used to demonstrate, that upon proper characterization
and calibration to determine the instruments geometrical and
instrumental parameters," depth-dependent and, more
importantly, absolute quantitative information can be derived.
The employed strategy for the instrument calibration is ex-
pected to be transferable also to other instruments, both
custom-built or commercial.

3 Grazing emission X-ray
fluorescence analyis
3.1 Theory of GEXRF

Based on the principle of microscopic reversibility, Becker,
Golovchenko and Patel introduced grazing emission XRF.®? The
principle states that excitation and detection can be considered
in reverse. Thus, GEXRF can be easily introduced based on the
geometry of GIXRF by exchanging and inverting the paths for
excitation and detection. As a further consequence, GEXRF
intensity profiles can be calculated using the identical formula
as for GIXRF, but with the photon energy of interest. This energy
must be that of the photons propagating at a grazing angle with
respect to the sample surface, which in GIXRF are the photons
used for excitation but in GEXRF these are the fluorescence
photons produced in the sample. Thus, for example, the
formalism of Parratt*®* can be applied to calculate GEXRF
intensity profiles, but models have also been developed that
physically describe the refraction (reflection and transmission)
of photons propagating at grazing emission models with
respect to interfaces.®*** Detected interferences can then be
explained by several possible detection paths and the difference
in their path length. Depending on the grazing emission angle,
the difference in path length can be a multiple of the wave-
length of interest. This aspect explains why GEXREF is as suitable
as GIXRF for depth profiling applications with nanometer
sensitivity.

The depth range explored is dictated by the energy range of
the fluorescence photons in GEXRF, whereas the energy of the
incident photons is decisive in GIXRF. One can say that GIXRF
limits the excitation of XRF to the near surface region, and
GEXREF limits the detection of XRF to the photons emitted from
the near surface region. When comparing GIXRF and GEXRF
intensity profiles, it is helpful to normalize the angular scale to
the critical angle. As in any application where modeling of X-ray
refraction is required, accurate knowledge of the optical
constants is therefore mandatory.

From an experimental point of view, however, there are some
noticeable differences between GIXRF and GEXRF.*°® First of
all, the requirement of longitudinal coherence (mono-
chromaticity) of the incident radiation can be omitted. In fact,
GEXRF has been realized with different excitation sources using
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(focused) X-rays or charged particles. Examples using stand-
alone X-ray sources,**”* synchrotron radiation,”*”> laser
plasma sources,”®”* electrons’’® or protons’”’® are reported.
The requirements for GEXRF, such as collimated and mono-
chromatic radiation, apply to the emitted radiation rather than
the incident radiation. The fluorescence radiation is to be
detected only under well-defined exit angles defined with
respect to the sample surface. For this purpose, collimators and
large sample-to-detector distances must be used so that a good
angular resolution can be achieved, i.e. the angular broadening
must be at least two orders of magnitude smaller than the
critical angle for the energy of the fluorescence radiation used
for the investigations. Angular intensity profiles are then
recorded in a position sensitive manner by moving the detector
in a circular or linear motion. Alternatively, wavelength-
dispersive detection schemes,®*727379-8 which by design fix
the detection direction due to the implemented optics (e.g. the
Bragg condition on a diffraction crystal), or position sensitive
detectors®"*>7*#*%7 also allow the selection of grazing emission
angles with the required accuracy. In comparison, GIXRF setups
are almost exclusively designed around energy dispersive
detectors to achieve the best possible solid angle of detection.

However, it should be noted that care on the excitation
selection should be taken when considering the modeling of
recorded GEXRF intensity profiles where the goal is to retrieve
the depth distribution of the atoms emitting fluorescence
radiation. With X-ray sources and adequate excitation geometry,
it can usually be assumed that the probability of excitation of
fluorescence radiation is independent of depth, provided that
the depth range of interest is much smaller than the penetra-
tion depth of the excitation radiation. This assumption cannot
be made for particles due to their much shorter free path. In
addition, the stochastic nature of the interaction of charged
particles requires the use of Monte Carlo simulations to obtain
the depth dependent excitation probability of the fluorescence
radiation.

Regarding the longitudinal coherence requirement, it
should be noted that the ratio of line width to energy of the
characteristic radiation for K emission lines is about 5 x 10™*.
This ratio is very similar to the resolving power of the mono-
chromators used for GIXRF. Thus, the requirement for
a defined wavelength to realize grazing XRF experiments is met
by nature. The experimental requirement is an energy resolving
detection scheme that allows the discrimination of different
photon energies so that the signal of interest can be separated
from the background signals inherent in any experiment.
Alternatively, and even if the different characteristic lines
cannot be detected separately, these aspects have to be
considered in the modeling of the GEXRF intensity profiles.

The consequences of these experimental differences affect the
sensitivity of GEXRF, but also offer new possibilities. For a single
grazing angle, the required collimation usually limits the solid
angle of detection so that GEXREF is generally less suitable for the
detection of trace impurities unless specific sample configura-
tions are considered.®® In the past, wavelength dispersive detec-
tion schemes, which can be easily combined with the grazing
emission geometry, were also more suitable for the detection of
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light elements although this situation changed with the advent of
modern SDDs. The good compatibility between wavelength
dispersive setups and the GEXRF geometry is given by the
congruence between the required angular resolution and the
typical angular acceptance of the diffractive gratings or crystals.

Finally, the measurement area is inherently large along the
incidence direction in GIXRF, whereas in GEXRF it can be
configured within certain limits by the cross section at the
sample location of the radiation used to excite the fluorescence
radiation and the angle of incidence used. This aspect is
advantageous when localized measurements requiring
a specific lateral resolution are required. It also allows to
increase the sensitivity of the measurements by increasing the
probability of excitation of the fluorescence radiation in the
region close to the surface of the sample,®* but care has to be
taken about the possible effect on the angular resolution as
large excitation spots on the sample degrade the exit angular
resolution as the geometry towards the detector might change
significantly in terms of distance and position within the spot.
Similarly, soft X-rays, where L lines are measured instead of K
lines, result in a larger fraction of fluorescence radiation
generated in the near surface region, but the accuracy of the
knowledge of the optical constants must be considered for an
accurate interpretation of the measurements.

3.2 Exemplary GEXRF calculations

Similar to GIXRF in Section 2.2, some simple examples of the
GEXRF response of layered samples are computed and shown
below. For direct comparability between GIXRF and GEXRF, the
same sample configurations are used and the GIXRF responses
already discussed in Section 2.2 are also shown.

As a first example, the 1 nm thin Ni layer is considered an
shown in Fig. 9. The same incident photon energy of 9.5 keV is
used for the calculation, although it is not as critical for the
GEXRF response as it is for GIXRF. In GEXRF, the primary
question is whether the excitation energy can produce the
fluorescence radiation one wants to measure. The critical angle
of the sample stack, which determines the position of the
maximum, depends on the photon energy of the observed
fluorescence line, similar to the GIXRF case where the position
depends on the incident photon energy. So in GEXRF the Ni-Ko;
line is used for the calculation and the maximum is at the
critical angle of silicon for photons with an energy of 7.478 keV
(Ni-Ke;, transition energy). Since this photon energy is lower
than the 9.5 keV used for the GEXRF excitation, the critical
angle of the system is larger and the GEXRF curve is shifted to
higher angles. Otherwise, the observed signal is very compa-
rable to the GIXRF case.

For the 10 nm thick Ni layer example, similar behaviour can
be observed in Fig. 10. The Ni-Ka; GEXRF curve is shifted to
higher incident angles as compared to the GIXRF curve and has
a very similar shape. However, the enhancement in the vicinity
of the critical angles is more pronounced in the GEXRF case.
This is related to the fact that the optical properties of the
sample are fairly different: in GEXRF, the photon energy of
interest is below the Ni-K absorption edge, while in GIXRF it is
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above. This results in a more than three times larger extinction
coefficient for Ni in GIXRF and thus a significantly different
attenuation behaviour.

With this behaviour in mind, also the seemingly different
behaviour of the three-layer stack can be understood. As shown in
Fig. 11, one might think at first that the GEXRF response is from
a different sample than the GIXRF signal, since there is almost no
difference in angular position between the signals of the different
layers. In fact, the sequence observed in GIXRF is almost reversed
in GEXRF, with the Ni showing first and Ti showing last
a maximum in the angular intensity profile.However, this does
not indicate a reversed layer sequence or even a mixed layer as
one might think. Due to the drastically different critical angles for
the respective relevant photon energies (see Table 1), the curves
are stretched to higher incident angles as compared to GIXRF.
Since the photon energy difference between GIXRF and GEXRF is
largest for the Ti-Ka,, this curve is stretched the most, the Cr curve
slightly less and the Ni curve the least. This effect masks the layer
sequence to some extent in GEXRF.

A simple way to unmask this effect is to plot the data against
the wavevector Q instead of the emission angles. With

1
Q = 4msin 01, where 6 is the emission angle and 1 is the

wavelength of the respective fluorescence line (in GEXRF) or the
wavelength of the incident radiation (in GIXRF). By doing this,
datasets obtained at different photon energies of interest can be
easily compared as can be seen in Fig. 12. This also allows easy
interpretation of the layer sequence in GEXRF or more direct
comparison of GIXRF data with GEXRF data.

Finally, GEXREF is just as suitable for depth-profiling appli-
cations as GIXRF. Although the experimental geometry is
reversed, one can think of it in a very similar way. From an
experimental point of view one should keep in mind that the
XSW is created by the interference of the fluorescence photons
with themselves and not by the interference between incident
and reflected photons as in GIXRF. Thus, each fluorescence line
observed creates its own XSW resulting in the modified angular
scales. As for GIXRF, forward modeling schemes can be used to
determine the position of the material in depth, the distribution
in depth and, if the instrumentation allows, the amount of
material can be determined.

3.3 Exemplary setups for GEXRF

In typical scanning-based GEXRF setups,®®****° components of
the GIXRF setup can be retrieved, which is not surprising given

Table1 Overview for the different fluorescence line energies relevant
for the calculations in Fig. 11 and the resulting critical angles for total
external reflection of Si and Ni taken from ref. 89

Case Photon energy/keV Silicon 6.;/° Nickel 6../°
Ti-Ko 4.51 0.400 0.746
Cr-Koa 5.41 0.333 0.619
Ni-Ko 7.48 0.240 0.440
GIXRF 9.5 0.189 0.351

This journal is © The Royal Society of Chemistry 2025
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the reciprocal equivalence. In most cases, X-rays are being used,
but charged particles were used as well. The latter offer the
advantage of more efficient excitation of the near-surface
volume of a sample, but in terms of modeling experimental
data, the interaction volume is more difficult to calculate. This
aspect makes depth profiling applications less straightforward
than with X-rays, where a quasi-homogeneous excitation of the
investigated atoms can be assumed for sufficiently thin depth
distributions and sufficiently high incident X-ray photon ener-
gies and angles of incidence. In contrast to GIXRF, the X-ray
sources used do not need to be collimated or mono-
chromatized. While monochromatization can help to optimize
the background conditions, a more relevant aspect is the
sample area that is illuminated. In fact, the excitation should
not be placed close (e.g. <1 mm) to the lateral sample bound-
aries to prevent fluorescence photons from escaping through
the side of the sample. Furthermore, excessively large illumi-
nation areas can affect the angular resolution that can be ach-
ieved, which is the case when the volume from which the XRF
photon can originate can no longer be perceived as a point
source from the point of view of the detector. This requirement
is more critical in the direction perpendicular to the axis along
which the fluorescence radiation is detected.

The sample surface and sample positioning requirements
are identical for both grazing XRF geometries. Compared to
GIXRF, in GEXRF the XRF intensity changes due to a variation of
the emission angle are monitored. Thus, the emission angle
must be as well defined and controlled as the incidence angle in
GIXRF experiments. The control and variation of the emission
angle in the conventional scanning-based setups is usually
realized by rotating the sample, but it can also be realized by
moving the detection system. However, this solution requires
a lightweight detection system to perform the motion with the
required precision, accuracy, and reproducibility. This
approach has the advantage of a constant angle of incidence for
the radiation used to excite the fluorescence radiation.’* In both
approaches, the axis of rotation must coincide with the irradi-
ated spot on the sample surface. If the detector is not position
sensitive, the emission angle can be defined by an adjustable
(double) slit collimator system placed in front of the detection
system. Either way, the goal is to collimate the detected fluo-
rescence radiation so that an accurate definition of the emis-
sion angle can be made. This requirement also introduces the
main disadvantage of GEXRF, which is the small solid angle of
detection per emission angle. The angular resolution of the
system is determined by the aperture of the slits, their separa-
tion distance, and the separation distance to the irradiated
sample system. Reported angular resolutions are in the order of
mrad or less.®”#**°* As is often the case in experimental physics,
a trade-off between angular resolution and detection sensitivity
must be made depending on the main experimental objectives
(trace element control or structural surface characterization). A
good angular resolution is required to separate possible inter-
ference fringes in the angular X-ray fluorescence intensity
profile, e.g. for layered samples.**”"*

For the detection system of the fluorescence photons, either
energy dispersive detectors or wavelength dispersive setups can
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be used. The main advantage of using energy dispersive detectors
is the possibility to monitor several X-ray fluorescence lines of
one or more elements simultaneously, which allows to obtain
different data sets for one sample without changing the experi-
mental setup.®” The main advantages of wavelength dispersive
setups are their energy resolution and good background rejection
capabilities, which significantly increase the sensitivity to low-Z
elements by better separating their fluorescence lines from
other X-ray lines and by improving the signal-to-background
ratio. This compensates for typically higher complexity and the
lower detection efficiency due to the smaller (effective) solid
angle of detection compared to energy dispersive detectors. For
energy dispersive setups, the solid angle of detection is deter-
mined by the distance to and the aperture of the slit/detector
system; for wavelength dispersive setups, it is determined by
the area of the optics where the Bragg condition is met, the
reflectivity of the optics, and the efficiency of the detector. Note
that in most cases the angular selectivity of the optics is fine
enough to avoid the use of slits to define the emission angle,
provided that a position sensitive detector is used. This aspect
allows to benefit from the advantages of wavelength-dispersive
setups without being too much penalized by the small solid
angle that characterizes wavelength-dispersive instruments. The
low-Z sensitivity was one of the main motivations for the devel-
opment of wavelength-dispersive GEXRF spectrometers®® as
a complement to GIXRF setups. Greater sensitivity to chemical
states (when measuring X-ray emission lines where a valence
shell is involved in the atomic decay process) and good separa-
tion of the many L-lines of mid-Z elements and/or M-lines of
heavy elements are other advantages offered. The main draw-
backs of wavelength dispersive setups are the aforementioned
reduced solid angle of detection and, depending on the appli-
cation, the reduced energy range that can be monitored. For this
reason, wavelength-dispersive setups are not suitable for
elemental determination of an unknown sample, as required in
contamination control, for example, and GEXRF in conjunction
with wavelength-dispersive setups is limited to applications
where the angular intensity profile of an X-ray emission line of
a target element is to be monitored.

The advent of pixelated, direct-detecting, position-sensitive
detectors allowed the acquisition of complete GEXRF intensity
profiles with unprecedented efficiency.>*>7*%®%” These detec-
tors allow the simultaneous detection and discrimination of X-
ray photons propagating from the sample at different emission
angles. Thanks to the active area of such detectors, the different
emission angles can be distributed on the detector in such a way
that the angular range monitored is limited by the detector size
and the sample-to-detector distance, while the angular resolu-
tion achieved is defined by the pixel size and the sample-to-
detector distance. The GEXRF intensity profiles are then
acquired in a single measurement at a fixed position of the
setup components and no slit system is required. The first
demonstration of this detection arrangement was realized with
imaging plates, which provide a large detection area and good
spatial resolution, thus a large covered range in grazing emis-
sion angles and good angular resolution.”* The concept was
reintroduced about 20 years later with digitized detection
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schemes with improved signal-to-noise ratio.*® No moving
components are required and the XRF intensity is recorded
simultaneously for all grazing emission angles. This static
nature of the setups greatly simplifies the experimental
requirements, since scanning-based setups, such as GIXRF or
conventional GEXRF, require high accuracy in the angular
rotation and the position of the rotation axis, which should
coincide with the sample surface.

A scanning-free setup therefore reduces the experimental
complexity to knowing the exact detection geometry, ie. the
distance and orientation with respect to the source of the XRF
rotation and the pixel size. The only motion control required is
to align the sample with respect to the coordinates of the array
of the position sensitive detector used. The normal vector to the
sample surface is in the best case parallel to the main axis (or
one of the main axes) of the detector, and the detector is suffi-
ciently large in this dimension to cover the full angular range
from 0° up to 2-3 times the critical angle for the energy of
interest. Considering the number of grazing angles for which
XRF intensity must typically be recorded, these scaning-free
setups allowed GEXRF intensity profiles to be obtained in
similar acquisition times to GIXRF intensity profiles. Other
advantages of the scanning-free setups are the insensitivity to
source intensity variations, since the intensity at all emission
angles is monitored simultaneously, and the absence of dead
times and instabilities caused by motor motion.

As detectors, hybrid pixel detectors that allow single-photon
counting have been used mainly at synchrotron radiation
facilities where selective excitation of fluorescence radiation is
possible.?*** CCD cameras in combination with adapted single-
photon evaluation algorithms,**® which allow to obtain both
position- and energy-sensitive information and thus to
discriminate different photon energies, allowed to extend the
scope of GEXRF to simultaneous multielemental analysis.> 7
The same is true for the use of pnCCD detectors.”>”**” Current
detector developments®®***" will allow to further extend the
capabilities of scan-free GEXRF into the soft X-ray regime.
Compared to the film plates used in the original development,
all of these detectors offer digitized data, good sensitivity,
signal-to-noise ratio, dynamic range, and linear intensity
response.

A prerequisite for any scanning-free GEXRF setup (see Fig. 8)
is that the difference in the angular range spanned by each pixel
(emission and azimuthal if required) between adjacent pixels is
fine enough. The angular step, or equivalently the aperture
angle per pixel, must meet the requirements of the desired
angular resolution, which is typically of the order of 1 permille
to 1 percent of the critical angle of total external reflection. The
main factor affecting the angular resolution for a given pixel
size is the sample-to-detector distance. Together with the
sample volume from which the fluorescence photons originate,
this factor defines the aperture angles maintained by each
individual pixel. This contribution can be evaluated geometri-
cally. Angular resolution and solid angle must then be balanced
against each other. For the sample volume contribution, the
lateral dimension on the surface is usually more important,
since the probed depth range, which varies with the grazing
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Fig. 8 Schematic view of a typical experimental arrangement for grazing emission X-ray fluorescence analysis and for scanning-free GEXRF,
where pixelated detectors are used to record many different emission angles at once.

emission angle,'* is usually much smaller than the pixel size.
When pixels with different azimuthal angles but similar emis-
sion angles are summed to obtain the GEXRF intensity profile,
another broadening factor can be introduced by the allowed
variation in emission angle between the different pixels.

For samples with lateral homogeneity on the surface, pixels
with the same emission angle can be summed to obtain the
GEXRF intensity profile. In these cases, the size of the detector
in the non-dispersive direction results in an increased solid
angle of detection compared to standard scan-based setups,
which together with the simultaneous monitoring of different
emission angles contributes to the overall efficiency of the setup
and drastically reduces acquisition times. The sensitivity to
both the grazing emission angle and the azimuthal emission
angle (different pixels that span the same emission angle but
have a horizontal position resulting in a different azimuthal
angle) of the sample under investigation allows to extend the
range of applications to well-ordered nanostructures.>**%
Compared to conventional GIXRF and GEXRF setups for such
investigations,**'* the dimensions to be scanned are reduced.

3.4 Combination GIXRF and GEXRF setups

Combinations of grazing incidence and emission geometries
have also been realized in the past to simultaneously benefit
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Fig.9 Exemplary calculation of the GEXRF response using the Ni-Kay
fluorescence line (7478 eV) of a 1 nm Ni layer on a silicon substrate and
an incident photon energy of 9.5 keV. The corresponding GIXRF
response is indicated as a dashed curve. The nominal critical angles for
total external reflection of Si for both the incident photon energy and
the fluorescence line energy are also indicated by vertical dashed lines.
As Eni-kq < Eg both the critical angle and the observed signal shifts to
a higher theta.
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from the surface sensitivity of both techniques. The simulta-
neous collimation of the incident and emitted X-rays resulted in
a reduced experimental efficiency. The main motivation for the
realization of these geometries was the very low background,
since both the excitation and the detection process are focused
on the near-surface region. To better control the depth range
explored in the sample, both grazing angles are varied, resulting
in extensive data sets.'®*'** The measured interference patterns
depend on the incident and emitted photon energies and vary
with the angle of incidence and emission. The analysis of thin
films, layers, interfaces and impurities have been the main
topics of application.'**"%®

4 Classes of typical applications of
GIXRF and GEXRF

The angle dependent information obtained from grazing XRF
experiments is used for two main purposes, depth profiling
applications and self-consistent validation or falsification of
TXRF based quantification results.

Depth profiling applications have been carried out on
various classes of samples where vertical dimensions in the
nanometer range are of interest. In order to obtain structural
information in addition to elemental information, it is neces-
sary to measure the X-ray fluorescence intensity dependence on
the grazing emission angle. These studies typically include
(multi-)layered samples, nanoparticles and implantation
profiles. The basic principle is to vary the interference pattern
leading to a pronounced variation in the detectable fluores-
cence radiation in the angular range below the critical angle(s)
of total reflection defined by the interface(s) within the sample
and to tune the depth range from which the fluorescence
radiation can originate in the angular range above the critical
angle(s) of total reflection.

4.1 Layers

Thin films or coatings with layer thicknesses in the range of
a few nanometers to hundreds of nanometers can be produced,
for example, by atomic layer deposition (ALD),'* physical
vapour deposition (PVD) or chemical vapor deposition (CVD).**°
In technological or scientific applications, the thin films are
used to modify the thermal, mechanical, optical, chemical or
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Fig.10 Exemplary calculation of the GEXRF response using the Ni-Kay
fluorescence line (7478 eV) of a 10 nm Ni layer on a silicon substrate
and an incident photon energy of 9.5 keV. The corresponding GIXRF
response is indicated as a dashed curve. The nominal critical angles for
total external reflection of Ni for both the incident photon energy and
the fluorescence line energy are also indicated by vertical dashed lines.
As Eni-ka,< Eo both the critical angle and the observed signal shifts to
a higher theta.
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Fig. 11 Exemplary calculation of GEXRF responses for the Koy fluo-
rescence lines of a 10 nm Ti (Ex,, = 4511 eV) on 10 nm Cr (Eg,, = 5415
eV) on 10 nm Ni (Ex,, = 7478 eV) layerstack on a silicon substrate and
an incident photon energy of 9.5 keV. The dashed lines indicate the
corresponding GIXRF responses as discussed in Fig. 5. As the corre-
sponding fluorescence line energies determine the critical angles and
the angular dependence of the underlying XSW, the sequence of each
layer's signal is not directly showing the layer sequence.

electrical properties of a system. Examples include surface
modification applications, chemical sensors, photo or electro-
chemical systems, semiconductor devices or optics in the
optical or X-ray range (lenses, mirrors and multilayers).Grazing
XRF, i.e., GIXRF and GEXRF, can contribute to the character-
ization of the layers produced by assessing the thickness, as
shown in Fig. 13 but also in part the mass density of the thin
films produced. The latter is the most important aspect to
consider, since the expected reduction in mass density for
structures with nanometre dimensions will affect the optical
properties of the material. The same applies to surface oxida-
tion or low-Z contamination, which can occur when materials
are exposed to intense X-ray radiation. Another noteworthy
aspect is that the determination of layer thickness and mass
density provides access to the mass deposition, which can be
separately determined by e.g. quantitative XRF analysis through
dedicated experiments. The advantage of separately quantifying
mass deposition is that this complementary information
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Fig. 12 Exemplary calculation of GEXRF responses for the Ko fluo-
rescence lines of a 10 nm Ti on 10 nm Cr on 10 nm Ni layerstack on
a silicon substrate and an incident photon energy of 9.5 keV. The
dashed lines indicate the corresponding GIXRF responses as discussed
in Fig. 5. In contrast to Fig. 11, the data is plotted against the probed
wavevector Q.

provides a means of validating the modeling of grazing angle
XRF intensity profiles, where the layer thickness and mass
density can be used as fitting parameters. In this way, structural
and analytical information can be combined for a more robust
and reliable interpretation of the experimental data, since the
mass density is directly related to the optical constants used for
modelling refraction effects.*?

The quantification of the mass deposition is best realized in
the angular regime above the critical angle for total external
reflection, where no X-ray standing wave field (XSW) has to be
considered, so that a more accurate determination of the mass
deposition is possible. Quantification requires the assessment
of instrument-related parameters, ie. the intensity (and
possibly spectral distribution) of the incident X-rays, the (inci-
dence angle dependent) solid angle of detection and the photon
energy dependent detection efficiency (after deconvolution of
the fit of the experimental XRF spectra). These can be assessed
either by (radiometric) calibration of the different parts of the
instrumentation or by performing reference measurements to
at least assess the combined information on these parameters.
In the former case, the reference-free XRF scheme allows
a forward-calculation of the experiment performed, in the
latter case, care must be taken to ensure the transferability of
the calibration strategy to the actual sample type.

Thin films and multilayers have been investigated in terms
of layer thickness, mass density, and in some cases mass
deposition, using the depth profiling capabilities of GIXRF, e.g.,
in ref. 13, 21, 24, 28, 29, 31, 33, 36, 38-40, 61 and 111-125 or
GEXRF, e.g., in ref. 65, 67, 74 and 126-129. Note that the
oscillations observed in the Cr fluorescence radiation emitted
by a three-layer sample consisting of Cr/Au/Cr layers deposited
on quartz glass were interpreted as experimental evidence for
the reciprocity theorem between GIXRF and GEXRF."*°

GIXRF based studies often assume a layered model with
homogeneous and discrete layers to fit the data by inverse
modelling. This formalism was first introduced by L.G. Parratt*
and has been adapted, for example, into a matrix formalism to
simulate the propagation of an electromagnetic wave through
a stratified medium.""***> Care must be taken to ensure physi-
cally reasonable modelling for reliable interpretation,™****

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 GIXRF measurement on Ti layers at an incident photon energy of 6 keV (left panel) and corresponding theoretical dependence (right
panel), illustrating the sensitivity of GIXRF to the varying layer thicknesses.

surface roughness'**** and the coherence length of the X-ray
source.”*'¥” Besides the mentioned mass density reduction
and oxidation, all these parameters have to be taken into
account in the calculation of the XSW, which in the case of
modelling has to be iteratively adapted and recalculated in
order to optimise the model towards reproducing the experi-
mental data, assuming that the variation of the solid angle of
detection with the grazing angle of incidence, the XRF detector
has been operated in its linear regime over the full angular
range™® and the incident intensity variations with time have
been correctly accounted for.

An experimental advantage of GIXRF investigations is the
possibility of simultaneous acquisition of X-ray reflectivity
(XRR) during the GIXRF measurement. This allows an analytical
and a dimensional technique to be combined in a single
experiment. A combined evaluation of the data, based on the
optical constants of the different layers involved, enables
obtaining mutually validated results with reduced errors for
layers with thicknesses ranging from a few nanometers to a few
hundred nanometers. This combined information has recently
been exploited in several examples.'"%27:3%3536,42,119,139-142

In this context it can be mentioned that several software
packages for the calculation of the XSW pattern® and the GIXRF
intensity profiles and corresponding XRR curves have been
presented in the literature.””>*** In GEXRF based investiga-
tions, the developments from GIXRF can be used based on the
reciprocity theorem® to derive the desired information by
exchanging the energy of the incident photons against the
energy of the fluorescence photons to account for which X-rays
propagate at a grazing angle with respect to the interfaces where
refraction takes place. An alternative approach is provided by
the formalism developed by Urbach and de Bokx.®*** Here the
angular intensity profile is calculated by summing the contri-
butions of the X-ray fluorescence emitting sources after taking
into account their distribution within the sample. The derived
equations allow direct consideration of the factors that may
influence the GEXRF intensity profile by inserting them as
fitting parameters. This aspect has been exploited to investigate
separately the influence of layer thickness, layer oxidation, bulk
density reduction and surface roughness for the example of
different Al layers on the top of Si wafers.®> Compared to the

This journal is © The Royal Society of Chemistry 2025

layered model strategy, the derived analytical equations allow to
reduce the number of calculation steps and free fitting
parameters.

A comparison between the results obtained for multi-layered
samples using either GIXRF or GEXRF, but the same data
evaluation formalism, is presented in 144. The results were
largely in agreement and deviations were attributed to the
optical constants, which only emphasizes the need for accurate
determination of the latter.

4.2 Nanoparticles

Nanoparticles are of interest because tuning their elemental
composition, size and shape allows them to be used in medical
and pharmaceutical sciences, catalysis, photovoltaics, spin-
tronics or nano- and biotechnology, among others. Indeed, the
properties of nanoparticles differ significantly from those of bulk
materials due to the large surface-to-volume ratio, offering
a larger ratio of atoms or molecules with fewer neighbors and
bonds than in a bulk matrix.*** However, tailoring nanoparticles
to desired sizes and shapes remains a challenge. Consequently,
analytical techniques capable of characterizing nanoparticles in
terms of these parameters are required to study their correlation
with physical or chemical properties, e.g. their catalytic activity, in
relation to specific applications. Often nanoparticles are prepared
in solution, but some applications, such as nanofabrication,"*
nanoelectronics'”” or quantum dots,'** require the deposition of
nanoparticles on the surface of a flat substrate. This type of
sample meets the requirements for grazing angle XRF.

It should be noted in this context that other analytical
techniques, such as non-contact atomic force microscopy or
electron- or ion-based techniques, also provide morphological
information on nanoparticles, but not on the ensemble of
nanoparticles. Only a fraction of the nanoparticles is examined
until a fraction considered statistically relevant is examined.
Grazing XRF techniques provide averaged information on all
nanoparticles. The measurements are not affected by the elec-
trical or magnetic properties of the substrate and can even be
considered to be realized under ambient conditions. With this
in mind, GIXRF and GEXRF have been used to determine
nanoparticle morphology*****-13¢
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Fig. 14 GIXRF measurement on Ag nanoparticles with two different sizes at an incident photon energy of 3.5 keV, where it is shown that the
polydispersity as well as the presence of a passivating capping layer need to be taken into account to properly reproduce the experimental data. If
only one particle size is assumed (part a) or if the capping is neglected (part b), the experimental data cannot be fully reproduced. The inter-
pretation was supported by scanning electron microscopy and atomic force microscopy.

When investigating nanoparticles deposited on the surface
of a substrate, grazing XRF offers further advantages. The
penetrating properties of the X-rays make a large dynamic range
of nanoparticles accessible, from a few nanometers to several
hundred nanometers. In addition, the grazing geometries result
in a significant reduction in background contributions from the
bulk volume. Add to this the fact that the angular range of
interest is mostly below the critical angle of total external
reflection attributable to the bulk matrix for the wavelength of
interest, and it becomes clear that almost background-free
experimental investigations are possible. Either the incident
X-rays cannot propagate into the bulk volume (GIXRF) or the X-
rays emitted from the bulk volume cannot reach the detector
due to refraction at the substrate-vacuum (or air) interface
(GEXRF). In both cases, only an evanescent wave propagating
along this interface can contribute to the measurement signal
and the proven depth range from the substrate is only about
3 nm to 5 nm. The contributions from the bulk volume and the
nanoparticles can also be distinguished by their different
photon energies. For grazing angles above the critical angle, the
contribution of the bulk signal increases to a first approxima-
tion linearly with the grazing angle.

Below the critical angle of total external reflection, the
sensitivity to fluorescence radiation from the nanoparticles is
further enhanced by the interference effects between X-rays
propagating at a grazing angle with and without reflection at
the substrate-vacuum (or air) interface. Depending on the
difference in path length, constructive interference is possible,
resulting in a fourfold increase in intensity under ideal condi-
tions. The modulation of this interference pattern with the
incident angle also provides information about the size and
shape of the nanoparticles deposited on top of the substrate. To
do this, it is necessary to know the refractive index of the
substrate for the energy of the X-ray photon of interest. Using
this knowledge, the dependence of the X-ray intensity as
a function of the grazing angle in the angular range from 0° to
the critical angle allows to obtain information about the size
and shape of an ensemble of nanoparticles.

Extracting this type of information is easiest when the
assumption of a mono disperse, low density surface coverage of
nanoparticles can be validly made. For small nanoparticles, i.e.
sizes in the range of only a few nanometers, the assumption that
all atoms emitting fluorescence radiation are located in the

3380 | J Anal At. Spectrom., 2025, 40, 3368-3393

same plane directly on the top of the substrate is valid,****” since
in this size regime no sensitivity to different shapes can be
achieved.”™ For larger nanoparticles, the change in nano-
particle cross-sectional area with increasing distance to the
substrate-vacuum (or air) interface must be considered in the
calculation and modeling of angular intensity profiles."**'>*
Sensitivity to different nanoparticle shapes and even discrimi-
nation of core and shell volumes of multi-element nano-
particles with a more complex structure can be realized.
Nanoparticle dimensions between about 10 nm to over 100
nm™’ can be studied most reliably. The lower limit is given, as
mentioned, by the small differences in the angular intensity
profiles, the upper limit is given by the angular resolution of the
detection system.***

When considering poly disperse nanoparticle distributions,
it has been proposed to calculate the grazing XRF intensity
profiles of different nanoparticle sizes (bins), as shown in
Fig. 14 and consider a weighted sum of the intensity profiles
resulting from the different size contributions to fit the exper-
imental data.®® In this way, a coarse size distribution of the
nanoparticles may become accessible.

In the case of higher surface coverage of nanoparticles, it
becomes necessary to take into account the attenuation of the X-
rays'**' and to include the presence of the nanoparticles in the
calculation of the grazing XRF intensity profiles.**® Indeed, in
the low surface coverage approximation, it is assumed that the
optical constant of the medium above the substrate is 1
(vacuum or air environment) and that any material present just
above the interface is sufficiently diluted to have no appreciable
effect on the optical properties. As the surface coverage
increases, the optical properties at the top of the substrate
change and the refractive properties at the interface change. To
calculate the grazing XRF profiles, an effective density approach
can be selected in the volume above the refracting interface.***

The angular range above the critical angle of the substrate
for the X-ray photon energy of interest can be used for quanti-
fication. No refraction effects at the interface need to be
considered as the reflectivity has decreased to 0 and the trans-
mittance has increased to 1. The XRF intensity is no longer
disturbed by deviations from the linear intensity response due
to interference."*'*® Together with the information on the size
and shape of the nanoparticles, the quantification allows to
estimate the surface coverage, although due to possible

This journal is © The Royal Society of Chemistry 2025
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background contributions from the substrate, secondary fluo-
rescence and different matrix effects may have to be considered
in this angular range.****

Finally, it is worth mentioning that all the above consider-
ations have been made on the basis of lateral homogeneity of
the surface coverage, but that this aspect may need to be
experimentally included and considered in the modeling of
experimental data.™*

4.3 Ordered nanostructures

The study of nanoparticles deposited on top of a microscopi-
cally smooth and macroscopically flat substrate was simplified
by the random lateral distribution of the nanoparticles, which
reduced the degrees of freedom. The random nature of the
surface distribution made GIXRF and GEXRF measurements
insensitive to rotation of the surface plane about its normal
vector. The same angular fluorescence intensity profile is ex-
pected regardless of the azimuthal angle, defined as the angle
between an arbitrarily defined vector contained within the
sample surface plane and the vector for 0° incident X-rays
(GIXRF) or X-rays emitted at 0° (GEXRF).

This situation changes when nano-sized surface patterns are
considered, which are repeating objects of the same size that
have periodicity in one or both of the orthogonal axes that
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Fig. 15 This image shows the data from the work of Reinhardt,*®
where Cr stripes were analyzed employing GIXRF. The top part depicts
the definition of ¥ and ¢ whereas the two other panels show the
observed GIXRF data as a function of these two angles as well as an
initial interpretation. For further details the reader is referred to the
original paper.
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define the surface plane of the substrate. These regularly
structured nanopatterns, e.g. line or array structures, exhibit
sensitivity to the probing or detection direction: the angular
intensity profiles in GIXRF and GEXRF change with the
azimuthal angle, defined here with respect to one of the
symmetry axes of the nanopatterned surface structure.*®'*%*
This is shown in Fig. 15, where the data from ref. 48 are shown.
The top part depicts both the employed Cr stripes and the
definition of ¢ and ¢. The two other images show the observed
GIXRF data as a function of these two angles as well as an initial
interpretation shown as red dotted curves.

Applications of such nanostructured patterns are mainly
found in the semiconductor industry, where increasing down
scaling is combined with more complex architectures.'®® Other
technical examples include surface-enhanced Raman scattering
(SERS) and surface-enhanced infrared absorption spectroscopy
(SEIRA),'*® advanced light trapping applications in solar cells*®
or field emitter arrays.'®® The common aspect is that the
dimensional and compositional characteristics of the nano-
structured patterns affect the performance and properties of the
realized devices. Grazing XRF techniques allow access to both of
these characteristics in nanopatterned arrays on a representa-
tive ensemble of the structures without being affected by the
electromagnetic properties of the materials. As such, grazing
XRF techniques provide a complementary approach to the more
commonly used X-ray or electron microscopy techniques, which
provide access to individual objects. Other techniques either
have physical limitations with current sample sizes, do not
provide access to buried structures or require time-consuming
and destructive sample preparation. It has been shown that
grazing XRF techniques, by simultaneously probing the varia-
tion of XRF intensity with grazing and azimuthal angle, allow
the extraction of element-sensitive information on the lateral
and depth distribution of the elements and thus on the size and
periodicity of the nanoobjects contained within an
array.*o5186:9310316917¢ The data modeling required for the
interpretation of these spectra required more complicated
models and novel numerical tools.*****17417¢ These allowed to
add to the well-known depth profiling capabilities of grazing
XRF techniques the lateral sensitivity to one- or two-
dimensional periodically ordered nanosized objects, and to
realize the calculations required for modeling experimental
data on realistic time scales.

4.4 Implantation profiles

Doping by ion implantation or diffusion enables tailoring the
physical, chemical and electrical properties of materials,
particularly for semiconductor devices. In actual devices, the
depth range of the material to be doped is limited by the other
design features. Due to the down-scaling of device sizes, shal-
lower implantation profiles had to be realized in order to
maintain device functionality.’> When investigating the
continuously varying depth profiles, with depth ranges of only
a few tens of nanometers, the doping process is affected. For ion
implanted substrates, similar to bulk samples, no interference
effects can be observed in grazing XRF intensity profiles due to
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Fig. 16 Exemplary GIXRF depth profiling result for a 150 keV Cd ion
implantation into GaAs in comparison to secondary ion mass spec-
trometry and a TRIM calculation.*® In the upper right corner, the
obtained GIXRF angular fluorescence profiles are shown for Cd and
the matrix elements. The excitation photon energy was 4 keV.

the presence of only one interface where X-rays can be refracted.
The grazing dependence of the XRF intensity depends on the
XSW intensity distribution above the sample surface, its pene-
tration behavior at a given grazing angle and the number and
in-depth distribution of implanted ions contained therein.
Thus, a measured grazing XRF intensity profile allows in prin-
ciple to reconstruct the spatial depth distribution of the
implanted atoms, since the probed depth range is changed
from a few nanometers to several tens or hundreds of
nanometers,”'>1417,26:44-4683,1777183 The depth profile to be evalu-
ated changes monotonically and, for implantation energies in
the sub-100 keV range, is usually well within the depth range
accessible at the largest grazing angle. For very light elements
such as boron, the accessible depth range is of course lower due
to the strong attenuation effects. An exemplary GIXRF depth
profiling result for a 150 keV Cd ion implantation into GaAs in
comparison to secondary ion mass spectrometry and a TRIM
calculation®* is shown in Fig. 16. In the upper right corner, the
obtained GIXRF angular fluorescence profiles are shown for Cd
and the matrix elements. The excitation photon energy was 4
keV.

An assumption often made in the reconstruction of the
depth distribution of ion-implanted dopants from GIXRF or
GEXRF data is that the optical constants of the substrate are
not, or only negligibly, affected by the presence of the dopant
atoms. Without this assumption, depth-dependent changes in
the optical constants of the substrate must be taken into
account, making the reconstruction of the depth profile a non-
linear problem. Especially for high-dose and low-energy ion
implants, where a high local concentration of the implanted
material inside the matrix can be realized this assumption may
lead to wrong results.”® The retrieval of the dopant depth
distribution from the grazing XRF intensity profile is, regardless
of this assumption, an ill-posed problem,*” which means that
there is no unique, unambiguous solution to the mathematical
problem. Thus, physical feasibility needs to be included in the
search for a solution to the inversion problem, where the
elemental depth distribution is obtained from angular intensity
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information of an X-ray fluorescence line from that element.
Due to experimental noise and numerical errors either the use
of regularization methods”™ or the maximum entropy method
has been suggested'® as an alternative to using an analytical
description of the implantation profile for modeling the
experimental data.'>$%17918¢

4.5 Combination with XAS

GIXRF and GEXF can also be combined with X-ray absorption
spectroscopy (XAS) for elemental chemical speciation, for
example to study the oxidation or spin state of a metal by
probing its electronic configuration. This is done by scanning
the incident photon energy around the binding energy of
a subshell of the element of interest. The most commonly used
subshells are K or L3. However, this requirement to tune the
incident photon energy around an ionization threshold may
have serious implications for GIXRF measurements. Indeed, the
optical constants of the matrix(es) (i.e. the elemental combi-
nation(s) within the layer(s) separated by interface(s)) depend
on the incident photon energy and therefore vary strongly
around the ionization threshold. As a result, the critical angle(s)
and penetration depth or attenuation length may vary signifi-
cantly during the XAS measurement, which is detrimental to
meaningful interpretation of the data. While this may not be
a problem if the element of interest is contained within a single
(sub-)monolayer, or less of a problem if the angle of incidence is
kept fixed above the critical angles encountered during the
scanning of the incident photon energy, it needs to be mitigated
in other situations. To this end, it has been proposed to vary the
angle of incidence when tuning the incident photon energy in
order to keep the penetration depth of the incident X-rays at
a roughly constant value,"” but this approach requires accurate
knowledge of the optical constants of the sample for different
incident photon energies. This knowledge cannot be based on
tabulated values alone, but should also include the fine struc-
ture around the absorption edge. By repeating such measure-
ments for different penetration depths, it was even possible to
perform depth resolved chemical speciation measurements
using the combination of GIXRF and XAS.™® If only the near-
surface region is of interest, a grazing angle of incidence
below the smallest critical angle can be chosen such that total
reflection conditions are satisfied for all incident photon
energies."®

The situation is different when realising XAS measurements
using the GEXRF geometry. Here the energy of interest, which
defines the optical constants and the penetration depth, is that
of the monitored XRF line (for which the tabulated values may
be more reliably known, provided there is no ionization
threshold for other elements present in the sample in the
vicinity). Thus, these parameters do not vary throughout the
XAS measurement and the depth of penetration is therefore
constant.” In fact, for a typical sample and configuration for
GEXRF measurements, the penetration depth depends only on
the energy of the fluorescence photons and not on the energy
and angle of incidence of the incident probe X-ray photons. This
is true as long as the penetration depth of the incident X-ray

This journal is © The Royal Society of Chemistry 2025
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photons is not too shallow compared to the depth range where
the element of interest is contained. Therefore, in general, there
is no need to make grazing angle corrections when varying the
incident photon energy. A resulting advantage is that distor-
tions due to a varying probe depth in the XAS measurements,
often referred to as self-absorption,”“*** do not need to be
considered in the GEXRF geometry. Another advantage is that
depth-resolved XAS measurements can then be easily realized
by simply varying the grazing emission angle to a different
position after each XAS measurement. In combination with
a scanning-free GEXRF setup, simultaneous detection of the
XRF line of interest is achieved for all grazing angles or, in other
words, probed depths. By simply varying the incident photon
energy around an ionization threshold, depth-resolved XAS
measurements can be performed with good energy
resolution®****% or, if only larger depth ranges are of interest,
with coarser depth resolution using shorter sample-to-detector
distances.”****The combination of scanning-free GEXRF and
XAS was further developed for time-resolved studies with
a novel wavelength-dispersive setup, which allowed the surface
oxidation of Cu and the formation of different species during
this process to be followed.>*

4.6 Self-consistent quantification

The surface sensitive nature of grazing XRF has been used for
quantification purposes, for example to detect trace amounts of
impurities on or inside wafers.***°* These applications consider
data collected at a single grazing angle, often at the isokinetic
angle, defined as the critical angle of total external reflection
divided by v/2. The advantage of measurements at these angles
is that grazing XRF techniques allow measurements unaffected
by XRF or scattering background from the bulk volume of the
substrate, while providing enhanced excitation (GIXRF) or
detection (GEXRF) of the fluorescence radiation originating
from the sample volume at the top of the refracting substrate
interface. Note that for purely quantitative purposes, where no
depth-profiling information is of interest, the requirements for
monochromaticity (GIXRF) and collimation (GIXRF and
GEXRF) of the grazing radiation can be relaxed somewhat,
possibly lowering the detection limits and improving the
statistics of the measurement itself.

Different quantification schemes can be used for quantifi-
cation purposes: external calibration, internal standardization
and reference-free measurements.” External standardization
uses a set of reference samples, ideally characterized by other
analytical approaches, to construct a calibration curve for each
element of interest, whereas internal standardization uses
a known amount of a standard that has no spectral overlap with
the XRF lines of the elements of interest. In principle, the latter
approach also requires homogenization with the sample
material being investigated to account for locally varying exci-
tation conditions, whereas the former approach requires
samples that are representative of the sample type (in terms of
depth distribution (layer, particle-like, implantation profile),
surface coverage (if applicable) and elemental matrix) being
investigated. The common idea is to obtain the necessary
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information to be able to transfer measured X-ray fluorescence
counts into an elemental mass deposition. In reference-free
measurements, the individual parts of the instrumentation is
radiometrically calibrated to allow absolute measurements. The
knowledge required includes, in combination or individually,
the incident photon flux, the solid angle of detection, the
detection efficiency and, depending on the evaluation strategy,
the response function of the detector used. Once this infor-
mation is available, the XRF count rate associated with an
element can be converted to a mass deposition (number of
atoms per unit area integrated over the depth direction). For
internal standardization and the reference-free approach,
knowledge of the fundamental atomic parameters is also
required.

A potential problem with quantitative measurements in
TXREF is that, regardless of the quantification routine used, the
mass deposition determined is obtained from a single point
measurement in the sense that measurements are realized at
single grazing incidence angle. This means that it is important
to ensure that external or internal calibration strategies are
applied in a linear regime where the measured count rate and
elemental mass deposition are linearly correlated. For external
calibration, the linearity of the calibration curve can be assessed
and non-linearity can even be accounted for within a certain
range, provided that the calibration samples used cover a suffi-
ciently wide range. The non-linearity results from the strong
absorption of incident X-rays and fluorescence radiation within
the sample volume, so that it can no longer be assumed that all
analyte volumes contribute equally to the measured XRF count
rate. This aspect is important when mass depositions are too
high for classical XRF applications. The same statement applies
to reference-free approaches, since the calculated X-ray
standing wave field must be assumed to be correct, either by
using tabulated reflectivity values and taking into account the
presence of the analyte material to be investigated, or by using
experimentally determined reflectivity of the samples used for
the measurements.

These requirements can also be checked by controlled vari-
ation of the excitation parameters, one possibility being the
grazing angle used in the measurements. In particular, by
tuning the grazing angle to values above the critical angle of
total external reflection, measurement conditions with and
without refraction effects can be easily compared, as it is shown
in Fig. 17. Since the elemental mass deposition does not
change, the quantification results are expected to be indepen-
dent of the grazing angle. This controlled variation of the
experimental parameters can be used to confirm or falsify the
quantification results. Note that for low mass depositions the
increase in scattering background may render the angular
regime above the critical angle of total external reflection
unsuitable for such investigations, but in such cases a variation
of the grazing angle in the angular regime below the critical
angle of total external reflection may prove equally suitable.”*
The loss of volatile material during investigation of the samples
in a high vacuum environment usually needs to be considered
as well, but the stability of the quantification results at larger
incidence angles (or also at grazing angles for samples with low
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Fig. 17 GIXRF measurement on the N-K XRF lines of airborne particulate matter measured at 1.622 keV (left panel) and ensuing quantification at
different grazing incidence angles (right panel), showing that with increasing mass deposition the results are not consistent with each other.

enough mass deposition) for all elements considered suggested
that this issue was not a problem in the discussed investigation.
This self-consistent validation strategy for mass deposition
quantification has been applied to samples from air quality
monitoring campaigns, where varying concentrations and
sampling times of airborne particulate matter (PM) result in
a large dynamic range of mass deposition to be quantified by
reference-free GIXRF.”” By quantifying airborne PM at different
angles of incidence, the self-consistency of the different exper-
imental results could be verified and samples unsuitable for
quantification under TXRF conditions could be identified.

5 Conclusion and future perspective

Grazing incidence X-ray fluorescence (GIXRF) and grazing
incidence X-ray fluorescence (GEXRF) are essential tools for the
comprehensive characterization of thin films and nano-
structures and offer unique opportunities for elemental analysis
and depth profiling while not facing the same limitations than
electron or ion-based techniques in terms of required sample
properties or measurement environment. This review explains
the basic principles, theoretical framework and practical
applications of these advanced X-ray techniques. Based on
calculations of the X-ray standing wave field, both GIXRF and
GEXRF enable non-destructive, depth-resolved investigations at
the nanometer scale, providing crucial insights into material
composition, film thickness and interface properties. The
increasing accessibility of laboratory setups next to established
synchrotron facilities underlines the growing importance of
GIXRF and GEXRF in various technology areas and drives the
development and analysis of nanomaterials.

In the future, the GIXRF and GEXRF methods will profit from
further innovations in X-ray source technology, detector sensi-
tivity and optical components. As in the past, this will further
improve the spatial resolution, detection limits and measure-
ment speed of these methods. The integration of advanced data
analysis methods, including machine learning and artificial
intelligence, will simplify complex data deconvolution and
speed up the interpretation of results, making these powerful
tools accessible to a wider range of researchers. Furthermore,
their synergistic combination with other complementary char-
acterization techniques will progress towards a more holistic
understanding of complex nanomaterial systems and position

3384 | J Anal. At. Spectrom., 2025, 40, 3368-3393

GIXRF and GEXRF as a crucial analytical technique at the
forefront of nanoscale materials science and engineering.

Equally crucial, the continued exploration and identification
of new application areas will further enhance the impact of
these methods. As demonstrated in the context of semi-
conductor nanostructures, where precise control of dimen-
sional and elemental composition is enabled non-destructively
using GIXRF and GEXRF, the two methods still have much
potential. In addition, these techniques are extremely prom-
ising for the characterization of complex materials in areas such
as advanced catalysis by studying elemental distribution at
active sites, environmental science for the analysis of nano-
particles and pollutants on surfaces, and energy materials
research to understand degradation mechanisms in battery
electrodes or photovoltaic devices. Expanding the range of
applications will not only refine these techniques, but also open
up new avenues for scientific discovery and technological
innovation in various disciplines.
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