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Nanoparticles are considered for applications in domains as various as medical and pharmaceutical sciences, opto- and micro-
electronics, catalysis, photovoltaics, spintronics or nano- and biotechnology. The applications realized with nanocrystals depend
strongly on the physical dimensions (shape and size) and elemental constitution. We demonstrate here that grazing emission X-
ray fluorescence (GEXRF) is an element sensitive technique that presents the potential for a reliable and accurate determination
of the morphology of nanoparticles deposited on a flat substrate (ready-to-use devices). Thanks to the scanning-free approach
of the used GEXRF setup, the composition, shape and average size of nanoparticles is determined in short time intervals, mini-
mizing the exposure to radiation. The (scanning-free) GEXRF technique allows for in situ investigations of the nanoparticulate
systems thanks to the penetration properties of both, the probe X-ray beam and the emitted X-ray fluorescence signal.

1 Introduction

Nanoparticles are used, or being evaluated for use, in
many scientific fields like medicine, pharmacy, nano- and
biotechnology, manufacturing, cosmetics materials, energy,
electronics, photonics and environmental sciences. The
characteristics of the nanoparticles differ pronouncedly from
their bulk counterparts and are strongly influenced by their
elemental constitution and their large surface-to-volume
ratio (resulting from their physical dimensions and shape).1

Indeed, the ratio of atoms or molecules having less neighbors
and bonds than in a bulk matrix is increased, thus also the re-
activity of the nanoparticles. Consequently, there is a demand
for novel spectroscopic techniques which are able to deal with
nanosized structures and to investigate the morphology of the
nanoparticles, in particular on ready-to-use devices. Indeed,
the challenge during the synthesis of the nanoparticles is to
tailor them in a controlled way in order to obtain specific
sizes and shapes. Furthermore the characterization of these
parameters is required in order to study their correlation with
the nanoparticle properties, e.g., their catalytic activity, with
regard to specific applications.

There are two main routes for nanoparticle formation,
top-down and bottom-up approaches. In the top-down routes,
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nanometer-sized structures are engineered from bulk mate-
rials using a combination of lithography, micromachining
methods, and etching.2 Such approaches are technically
challenging and although reproducible they do not readily
lend themselves to large-scale production. A bottom-up
approach involves the chemical growth of particles on an
atom-by-atom basis until the desired particle size and shape
are achieved. The growth process occurs spontaneously in
super-saturated solutions and has been successfully used to
create high-quality spherical, cubic, tubular and tetrahedral
crystallites in kilogram quantities and above.3,4

Some application domains, like nanofabrication,5–8 na-
noelectronics,9–11 and quantum dots,12–15 require that the
produced particles are supported on flat substrates. This
requirement can be achieved by post-synthesis deposition
but also by direct growth on the substrate. The latter,
however, limits at the same time the breath of spectroscopic
techniques that can evaluate the nanoparticle morphology
on a ready-to-use device. In particular the class of metallic
nanoparticles on insulating surfaces is difficult to investigate
and the structural characterization presents a considerable
experimental challenge. Indeed, besides the nanoscopic
dimensions of the particles, the insulating substrate limits the
possibility of using electron-based or ion-based probing tech-
niques since they induce surface damage and can suffer from
charging effects.16,17 Noncontact atomic force microscopy
(NC-AFM)18–21 has opened the possibility of directly prob-
ing the local structure of nanoparticles on surfaces including
some nanoparticles on insulators22–24 but, as for the electron
and ion-based techniques, a controlled ultrahigh vacuum
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environment is usually required to achieve the best possible
spatial resolution. While AFM provides a direct information
on the surface topography of individual nanoparticles, only
confined areas can be scanned and element sensitive studies
of the nanoparticle volume (core-shell nanoparticles) are
not possible. While the discussed limitations show the
areas where X-ray based approaches present the potential to
champion current techniques for investigating nanoparticles,
e.g., the imaging of nanoparticles on insulating substrates,
the grazing emission X-ray fluorescence (GEXRF)25–28

technique on which we report herein should not be seen as a
direct competitor nor as a replacement of this well-established
techniques which will continue to be the prime ones for
routine imaging but rather as an additional, useful technique
in this research area.

GEXRF offers elemental sensitivity and allows deter-
mining the average nanoparticle size and shape, thus, the
nanoparticle morphology, of disperse distributions on the
top of flat substrate surfaces without being affected by the
limitations of electron-based or ion-based probes. Indeed,
in GEXRF the sample is investigated by means of X-rays
and therefore measurements can be realized under in situ
conditions. No sample pretreatment and vacuum environment
are necessarily required and moreover the technique is
insensitive to the electric conduction properties of the sample.
In contrast to imaging approaches with optical techniques it
is furthermore not required to have an a priori knowledge
on the scattering properties of the nanoparticles. In the
investigation of nanoparticles on the top of a substrate by
means of GEXRF only the refractive index of the latter needs
to be known. We demonstrate hereafter that the use of a
scanning-free setup allows assessing the average size and
the shape of the nanoparticles located in the investigated
area in a single measurement at a fixed sample position in a
reduced time interval during which the sample is exposed to
X-ray radiation. This is of importance for radiation-sensitive
samples. With regard to the actual applications, this allows
for shape and size dependent studies of the nanoparticles
properties. The size of the studied area, thus of the number of
probed nanoparticles, depends essentially on the surface area
irradiated by X-ray probe beam. Moreover GEXRF, because
of its element-sensitive character, allows investigating not
only the morphology but also the composition and average
homogeneity of multi-elemental particles. For example
the technique may be applied to bimetallic nanoparticles
which are of particular interest in the field of heterogeneous
catalysis.29

2 GEXRF on nanoparticles

The GEXRF technique was derived from the grazing inci-
dence XRF (GIXRF) technique30–33 through the principle
of microscopic reversibility.34 Both grazing XRF techniques
offer nanometer-scale accuracy in the direction normal to
the sample surface when investigating the elemental and
structural composition of a sample. The probed sample
volume below the sample surface can be tuned from few
nanometers to several hundred nanometers by varying the
grazing incidence, respectively grazing emission angle. The
investigated, angle-dependent sample volume is restricted
in GIXRF by using a monochromatic X-ray beam incident
at grazing angles and in GEXRF by detecting only the
X-ray photons emitted at grazing angles. In both techniques
the respective grazing angles have to be well defined and
the dependence of the XRF intensity is measured. As a
surface-sensitive technique GEXRF was applied towards
trace-element measurements,35–39 thin layered systems
with respect to the determination of the layer thickness,
density, roughness or oxidation25,40–43 and to (quantitative)
depth-profiling experiments of the dopant distributions in
ion-implanted samples.44,45 Disperse particle distributions
on the top of a reflecting surface were analyzed by both,
GEXRF46,47 and GIXRF,48–52 mainly in view of the investi-
gation of the particle size.

While GIXRF and GEXRF are equivalent from a physi-
cal point of view,34 from an experimental point of view the
main difference between GIXRF and GEXRF is that the for-
mer setups are characterized by a large solid angle, whereas
the later setups can be easily combined with different X-ray
excitation sources53,54 and also with wavelength-dispersive
detection setups.25–28 Moreover, only GEXRF measurements
can be realized in a scanning-free approach which allows
acquiring the full angular profile in a single measurement
without scanning in a sequential manner the XRF intensity at
different grazing angles.55 The latter setup offers in contrast
to the conventional, scanning-based GEXRF setups a suffi-
ciently large solid angle of detection to acquire the GEXRF
intensity profiles in the angular range from 0◦ to above the
critical angle in quite short time intervals,55 thus allowing to
reduce the exposure time to X-ray radiation.

In the present manuscript, we show that the particle size
and its shape can be accurately retrieved by means of GEXRF.
For the investigation of nanoparticles deposited on the top of
a substrate, GEXRF is suitable because of the homogeneous
illumination and excitation of the XRF signal within the
particle volume, even for particle sizes exceeding hundred
nanometers when X-rays are used as probe.
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Fig. 1 The dependence of the emitted X-ray intensity on the grazing emission angle can be measured in a scanning-free
approach at a single sample-detector orientation by dispersing the angular scale along a position-sensitive detector. The solid
angle, the covered angular range and the angular resolution depend on the sample-to-detector distance D and the detector pixel
size. The XRF signal was excited by means of a synchrotron radiation beam (not shown). The grazing emission angles are
discriminated by the individual pixels in the direction perpendicular to the substrate surface. The evolution of the XRF intensity
with the grazing emission angle depends on the variation of the particle’s cross-sectional atomic concentration f (z) with the
distance z above the substrate surface (Eq. 1 and Fig. 3). In the upper left panel, the dependence of the cross-sectional area with
the height z for the represented spherical particle is shown, as well as for a conical particle with a base radius equal to its height
and a prism particle with a base length equal to its height (cubical particle).

Despite the penetrating properties of X-rays compared
to particle-based approaches, the grazing emission geometry
provides two additional enhancement factors which are im-
portant with respect to the characterization of nanoparticles.
First, the grazing emission geometry allows to significantly
reduce any background signal from the bulk volume of the
substrate on which the nanoparticles are deposited. This
allows measuring the XRF signal of the nanoparticles on the
top of a substrate at almost background-free conditions, thus
at significantly improved signal-to-noise ratios. Indeed, the
X-ray photons emitted by atoms located in the bulk volume
of the substrate towards the sharp interface separating the
substrate from the surrounding environment (the optically
denser medium since the refractive index of solids is smaller
than unity in the X-ray domain) are refracted away from the
surface upon the transmission through this interface. For
these X-ray photons, the propagation angle following the
refraction process is larger than the critical angle. The latter
depends on the X-ray energy and the substrate matrix. Thus,
the angular range below the critical angle of total external
reflection (≈ 1◦ or less in the hard X-ray regime) is simply
inaccessible for the X-ray photons emitted by atoms located in

the bulk matrix of the sample. Consequently, although X-ray
fluorescence photons might be excited in a large substrate
volume, only those emitted from above the refracting surface,
i.e., the deposited nanoparticles, or from within the extinction
depth of the evanescent wave (≤ 3 − 5nm) can be detected
for grazing emission angles smaller than the critical angle
of total external reflection. Given the element-sensitive
character of XRF techniques, the particle and substrate
contributions are distinguished by the energy of the emitted
X-ray photons. In the angular range above the critical angle,
the contribution of the bulk signal increases in a first approx-
imation linearly with the grazing emission angle and is only
modulated by the distribution of the atoms being the source
of the X-ray signal of interest. Moreover, the grazing emis-
sion angles imply long emission paths within the sample and
thus the emitted X-rays are still subject to a strong attenuation.

A second enhancement factor is given by the total exter-
nal reflection on the substrate surface of the X-ray photons
emitted by the atoms located in the nanoparticles at an angle
smaller than the critical angle towards the substrate surface
(Fig. 1). Indeed, these X-ray photons do not penetrate into
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the substrate (the optically less dense medium for X-rays)
but are reflected at an angle equal to the one at which they
were incident on the substrate surface (Fig. 1). Therefore
in the angular regime below the critical angle, besides the
direct emission towards the detector, a second detection
path exists. Furthermore, the X-ray photons emitted via
both possible detection paths may interfere with each other.
Depending on the difference in the path length, constructive
interference is possible which then provides in the ideal
case a fourfold intensity increase rather than a twofold
intensity increase as expected for the incoherent sum of the
intensities. In addition, a modulation in the intensity increase
by the substrate reflectivity also contributes to the measured
intensities. Knowing the refractive index of the substrate for
the energy of the measured X-ray signal, the interference
pattern contains information on the shape and average size of
a disperse nanoparticle distribution. Measuring the evolution
of the emitted X-ray intensity as a function of the grazing
emission angle in the angular range spanning from 0◦ to
the critical angle allows therefore for an investigation of the
nanoparticle’s morphology.

Finally, for emission angles larger than the critical angle
only the X-ray photons emitted directly towards the detector
contribute to the measurement (Fig. 1). The information from
this angular regime can be used for quantitative measurements
in terms of surface concentration of the nanoparticles, resp.
the number of deposited atoms, without being disturbed by
deviations from the linear intensity response due to a varying
size and shape of the deposited particles as it is the case for
grazing angles below the critical angle.38,56 However, other
physical factors like secondary fluorescence (which to some
extent can be avoided, respectively its contribution to the
detected XRF signal estimated, by an appropriate tuning of
the beam energy in a synchrotron radiation experiment) and
different matrix effects might have to be considered38,57–59We
would like to stress that these effects do not affect the overall
shape of the of the GEXRF intensity profile and consequently
do not limit the presented retrieval procedure of the size
and shape of the nanoparticles. Nevertheless, in the case of
quantitative analysis of elemental concentrations, secondary
fluorescence would have to be taken into account.

3 Experimental

The GEXRF measurements were realized at the X05DA
Optics beam line60 of the Swiss Light Source (SLS) with the
scanning-free GEXRF setup which is schematically shown
in Fig. 1 and described in Ref.55 The synchrotron radiation
was produced by a bending magnet, monochromatized by a
cryogenically cooled Si (111) channel cut monochromator

and focused by a bendable toroidal mirror (1:1 focusing). The
investigated sample were Au nanoparticles with a diameter
of ca. ≈ 10nm (largely spaced ≈ 60nm) on the top a 1cm2

Si chip were fabricated by block-copolymer lithography.61,62

The energy of the incident synchrotron radiation beam was
selected to 12.1keV which is above the L3 (11.919keV) but
below the L2 (13.734keV) absorption edge of Au. The beam
footprint on the sample surface was 4.1mm by 200 µm. Thus,
a larger surface area than with electron microscopy methods
is covered in a single measurement. A scan of the substrate
surface can be avoided and the size extracted from the angular
intensity profile results from the average over a larger number
of particles. The large footprint is explained by the small
incidence angle of about 2.8◦ which was selected to efficiently
excite the XRF signal from a large number of nanoparticles.
The intensity dependence of the XRF signal on the grazing
emission angle was recorded by a two-dimensional position-
sensitive detector at a single sample-detector orientation.
The GEXRF angular intensity profiles of the Au Lα1, Lα2,
Lβ1 and Ll characteristic lines were acquired in a single
measurement without scanning through different sample or
detector positions. The individual contributions were not dis-
criminated by the detector, a PILATUS 100 K area detector,63

since the latter did not allow for an energy-discrimination of
the incident signal as it is possible with CCD detectors. While
the relative contributions of the different radiative transitions
are known,64 the background signal originating from the
elastic scattering on the Si substrate had to be corrected for
with a complementary measurement at a beam energy below
the Au L3 edge in order to measure the shape of the angular
intensity profile of this contribution. The relative difference
in the critical angle for the two different beam energies was
considered in the correction. The characteristic radiation
from Si was rejected by the detector threshold. The area
detector was set up so that its normal to the surface was
perpendicular to the incident beam direction and parallel to
sample surface plane. The grazing emission angle of the
emitted XRF photons, defined with respect to the substrate
surface on which the nanoparticles were deposited, was
discriminated by the position-sensitive detection along the
direction perpendicular to the substrate surface. Each pixel in
the dispersion direction corresponded to a different grazing
emission angle whose value was determined by the geometry
of the setup. The covered angular range was defined by
the detector extension H along the direction on which the
emission angles were dispersed while the setup’s angular
resolution and covered angular range depend sample-detector
distance D and respectively the pixel size ∆h (172 µm for
the PILATUS detector) or the detector extension H.55 For
sufficiently large sample-detector distance, as it was the case
for the used setup with D ≈ 1m, the contribution to the
angular resolution of the detector dimension perpendicular
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to the dispersion direction is almost negligible and the
recorded photon counts can be summed along this direction
which allows increasing the solid angle of detection.55 As
mentioned the GEXRF intensity profiles were recorded with
the described setup simultaneously for different characteristic
emission lines whose relative intensity contributions are
known from tabulated values.64 This increased the detection
efficiency of the scanning-free GEXRF setup (see also Fig. 2).

4 Theoretical approach

Derivations of the theoretical dependence of the X-ray inten-
sity on the grazing emission angle for bulk and layered sam-
ples as well as for ion-implanted samples can be found in
the literature.65,66 For particles it was assumed that the atoms
emitting the X-ray signal of interest are all in the same plane
and the only refracting interface which has to be considered
is the one of the underlying substrate.65 The latter assump-
tion, however, can only hold for very small particles and not
for particles larger than several nanometer where the varying
distance of the atoms emitting the XRF signal to the substrate
surface cannot be neglected.67 Depending on the nanoparticle
morphology a varying cross-sectional area f (z), i.e., a chang-
ing number of atoms emitting the XRF signal, in the direction
perpendicular to the substrate surface has to be considered.
The theoretical dependence of the XRF intensity on the graz-
ing emission angle ϕ is for particles extending to a height S
measured from the substrate surface given by

I(ϕ) ∝

∫ S

0
f (z)×

∣∣∣∣1+ r(ϕ)exp [2i
2π

λ

√
n2 − cos2(ϕ)z]

∣∣∣∣2 dz ,

(1)
where r corresponds to the reflection coefficient of the sub-
strate material

r(ϕ) =
sinϕ −

√
n2 − cos2(ϕ)

sinϕ +
√

n2 − cos2(ϕ)
, (2)

and n is the complex refractive index of the underlying sub-
strate. For non-ideal substrate surfaces the surface roughness
can be taken into account by an additional multiplication
term.68 The special cases of structured substrate surfaces and
nanoparticles deposited near the substrate edge are also con-
sidered in the literature69,70 and extensions towards layered
supporting surfaces are also possible. In Eq. 1 the second
factor in the integrand accounts for the X-ray photons emitted
directly towards the detector (first summand) and those emit-
ted via a reflection on the substrate surface (second summand).

In Eq. 1 the case of a low density particle surface cov-
erage is considered meaning that the absorption of the emitted

X-rays in neighboring nanoparticles can be safely neglected.
In this case the X-ray intensity at emission angles above
the critical angle are directly proportional to the number of
emitting atoms and the mass calibration is straightforward
with a calibration sample (a reference sample or a thin layer
sample). Indeed, the contribution of the absorption of the
emitted radiation was estimated, considering X-ray photon
energies of several keV, to be of at most a few percent with
only a faint dependence on the grazing emission varies only
slightly with the grazing angle. The attenuation of the X-rays
propagating at a grazing angle is also discussed in GIXRF
in terms of shading by neighboring particles.56,71 However,
the shading effect, which can affect the mass calibration,
is expected to be more important in GIXRF because in
contrast to GEXRF the X-rays propagating at a grazing angle
through the nanoparticles have energies above the elemental
absorption edge, resulting in absorption cross-sections which
are about an order of magnitude higher. An exception to
this statement is the case of multielemental nanoparticles
where the excited XRF signal of one element is above the
absorption edge of another element. For the considered low
density surface coverages the overall shape of the GEXRF
intensity profiles will, however, not be affected. Indeed, the
excitation or attenuation of XRF signals because of matrix
effects in the nanoparticles is independent of the monitored
grazing emission angle. Also, the average length of the
emission path through neighbouring nanoparticles is short
and does not vary significantly in the monitored angular range.

An other special case not considered by Eq. 1 are peri-
odic or dense (close to film-like structure) distributions of
particles with a flat top. In this case not only reflections
on the substrate surface but also the refraction on the upper
particle interface (with the surrounding environment) needs
to be taken into account. The angular intensity profile
exhibits then features of particle-like and layer-like surface
distributions.72,73 As in the present investigation only random
(i.e., non-periodic) distribution patterns are considered, inde-
pendently of the particle shape, this contribution is not need
to be taken into account since only particle-like contributions
to the angular intensity profile are expected.

5 Results and discussion

In the following only low-density, monodisperse particle
distributions as described in Eq. 1 on the top of a Si substrate
will be considered so that multiple reflections and the ab-
sorption of the emitted XRF signal within the (neighboring)
nanoparticles can be safely neglected. In this case solving Eq.
1 for the distribution f (z) would allow to straightforwardly
retrieve an analytical solution for the shape of the investigated
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100 nm

SEM ImageGEXRF measurement

Fig. 2 The grazing emission angular intensity profile for Au nanoparticles on the top of a Si substrate was measured with a
scanning-free GEXRF setup. The best fit of the experimental data was obtained by assuming beforehand particles with a
half-spherical shape (left hand panel). The particle size extracted from the fit was 10.6±0.3nm (diameter). It should be noted
that this value corresponds to the best estimate of the average size of the nanoparticles localized within the area covered by the
incident beam. The best fits when assuming other particle shapes are shown in the figure inset. The total acquisition time for the
GEXRF profile was 780s and the beam energy of the synchrotron radiation 12.1keV. The background signal originating from
the substrate was corrected for by measuring its shape at a beam energy below the Au L3 edge and taking the difference in the
critical angle into account. On the right hand panel a scanning electron micrograph (SEM) of the investigated Au particles is
shown, confirming when only isolated particles are considered, the average particle size retrieved by means of GEXRF. It can
also be seen that SEM has difficulties with clustered particles, limiting the number of particles which can considered in the
statistical evaluation of the particle size.

nanoparticles provided that the optical parameters of the
underlying substrate are sufficiently well-known to calculate
the reflectivity r(ϕ). The case of the investigation of ion-
implanted samples by means of GEXRF44,45 is an analogous
example in terms of retrieving the continuous distribution in
the direction perpendicular to the substrate surface except that
the atoms from which the emitted X-ray signal is monitored
are located below the refracting surface. Through this analogy
it can be assumed that the inversion of Eq. 1 in order to isolate
the distribution f (z) is also in the present case an ill-posed
problem which can not be easily solved, which is subject to
instabilities caused by numerical errors and which requires
regularization methods. The selected approach to investigate
the experimental GEXRF intensity profile of Au nanoparticles
deposited on the top of a Si surface was therefore to fit the
experimental data with Eq. 1 by using different parametrized
functions describing each the atomic distribution f (z) for a
different nanoparticle shape. The best fit of the experimental
data allowed then not only to retrieve the shape of the probed
nanoparticles but also to specify their average size. A future
extension to be realized is the development of a genetic algo-
rithm in which it would not be absolutely necessary to assume
a given nanoparticle shape. The retrieved result was verified
qualitatively by scanning electron microscopy (SEM). For a

quantitative SEM analysis, a statistical analysis is necessary
which requires the evaluation of many micrographs given
the small area covered by a single micrograph. Also the
analysis can be difficult if coalescence and agglomeration of
nanoparticles occurs.

The experimental result retrieved by means of GEXRF
corresponds to a mean value of the nanoparticles which were
within the lateral area covered by the incident X-ray beam
used to excite the XRF signal. If polydisperse distributions
are to be investigated, different particle sizes can be binned
together in different average GEXRF intensity profiles and
a weighted sum of the intensity profiles resulting from the
different size contributions can be considered to fit the
experimental data.48 In this way the size repartition of the
particles can be recovered.

The sensitivity of GEXRF on the size and shape of the
nanoparticles is demonstrated in Fig. 3 for monoelemental
and -disperse Co and Pt particles on the top of a Si substrate.
To better depict the dependence of the GEXRF profiles on
the particle size and shape, the intensities were normalized
to 1 at an emission angle of 0.6◦, which is fairly above the
respective critical angles of Si for the energies of the Co
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Fig. 3 Dependence of the Co Kα1 and Pt Lα1 GEXRF intensity profiles on the vertical particle size for monoelemental Pt (top
row), respectively Co (middle row) nanoparticles with different shapes. In order to better illustrate the dependence on the
particle size and shape of the evolution of the XRF intensity with the grazing emission angle, the intensities in the plots were
normalized to 1 at an emission angle of 0.6◦. The assumed particle shapes were prism with a 10nm square base, conical with a
10nm diameter base and spherical (from left to right). With respect to a dimensionless angular scale (top scale on the plots)
identical angular intensity profiles can be observed for the Co and Pt. For a better comparison of the shape dependence, the
bottom row shows the angular profiles of Co for the 3 different displayed shapes. The above examples show that size differences
of the order of 1 nanometer or even better can be discriminated. This could also be inferred from the fitting error of the
experimental example shown in Fig. 2, being on the order of 0.3nm. The experimental error is, however, also influenced by the
counting statistics and the physical size repartition of the nanoparticles.

Kα1 and Pt Lα1 lines considered in the calculation. This
corresponds to a normalization of the number of atoms
emitting the XRF signal. The selected examples are quadratic

prism shaped particles with a base length of 10nm, conical
particles with a base diameter of 10nm and spherical particles.
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Co Ka1 Pt  La1

Fig. 4 For core-shell nanoparticles, the shape of the GEXRF intensity profiles depend on the core diameter and the shell
thickness. In the top panel, the changes in the Co Kα1 and Pt Lα1 XRF intensity profiles is shown for spherical monodisperse
Co-Pt core-shell particle distributions with a diameter of 20nm as a dependence of the core diameter. In the bottom panels, a
core of 10nm diameter was considered and the dependence on the particle diameter, thus the shell thickness is represented.

For each of the particle shapes considered in Fig. 3, the
evolution of the GEXRF intensity profile varies pronouncedly
with the size of the particle. This shows that the particle
size can be retrieved with a good accuracy from a measured
angular intensity profile. A limitation exists, however, for
particles where the lateral density does not vary as a function
of the height above the substrate surface, i.e., where f (z)
is constant. Here only the height of the particles can be
extracted but not their lateral extension and or lateral shape.
For example upright standing cylindrical particles would give
rise to the same evolution of the angular intensity profiles
than the square base prisms considered in Fig. 3 (left top and
middle panels). For other particles the variation with z of
the lateral density of atoms contributing to the XRF signal is
encoded in the parametrization of f (z) and would therefore be
considered in the fitting of an experimental angular intensity
profile even if the shape type would be the same, e.g., conical
particles with identical heights but different base diameters.
Thus, not only the particle dimension in the vertical direction
but also the lateral dimensions can be retrieved for most of

the particle shapes.

It can also be seen in Fig. 3 that the calculated angular
intensity profiles depend not only on the particle size but
also on the particle shape. Indeed, for particles of the same
height, the calculated angular intensity profiles can be easily
distinguished by the presence of multiple interference fringes
as well as the position and width of the intensity maximum.
If present, the interference fringes are visible for somewhat
larger particles and the period, position and width of the
fringes will allow for an accurate determination of the size.
For smaller particles the position of the intensity maximum
and width of the intensity maximum is the best indicator
about the size. Also, for particles with sizes of only a few
nanometers the sensitivity on the shape is the smallest. In
general, however, the evolution of angular intensity profile
depends pronouncedly on the particle shape and average
size and from an experimental angular intensity profile the
information on these two parameters can be reliably extracted
as it is demonstrated for Au particles on the top of Si (Fig.
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Fig. 5 For core-shell particles with a Co shell and a bimetallic CoPt core the elemental concentration of Co in the core
influences the peak intensity in the GEXRF profile with respect to the intensity at emission angles above the critical angle (left
panel). The contribution of the core region to the overall detected XRF intensity varies with the emission angle, allowing to
optimize the sensitivity to the core volume of the particle for X-ray emission based spectroscopy (XES) techniques (left panel).
The grazing emission angle at which the contribution is maximal does note depend on the Co core concentration.

2). A requirement is that the angular resolution of the setup
is good enough, i.e. of the order of millidegree, to resolve
accurately the features (fringe frequency, intensity maximum
peak position) in the experimental angular intensity profiles
in the angular range between 0◦ and the critical angle for total
external reflection.

In Fig. 3 the variation of the cross-sectional area is ei-
ther described by a 0th or a 2nd order polynomial (see Fig.
1, upper left panel). With respect to a dimensionless angular
scale (top axes in Fig. 3) where the grazing emission angle
is divided by the respective critical angle of total external
reflection it becomes apparent for each particle shape that
the evolution of the angular intensity profile depends solely
on the size of the nanoparticles but not on their elemental
composition nor on the energy of the emitted X-ray signal.
Thus, a database for the dependence of grazing angular XRF
intensity profiles on the particle shape and size could be set
up on the basis of the dimensionless angular scale. This
shape-size database would be independent of the energy of
the characteristic emission line, the elemental composition
of the particles and the substrate material as long as the
sources of the XRF radiation are uniformly distributed
within the nanoparticles. Within the experimental limits
discussed earlier on the databases would even be identical
for GEXRF and GIXRF which would allow, by alleviating
the dependence on the X-ray wavelength, for an easier and
straightforward comparison of the investigations realized with
both techniques. Indeed, GIXRF angular intensity profiles
can be calculated74 by means of a similar equation than Eq.
1. When considering bimetallic nanoparticles, which can also

be used instead of a modified particle morphology to enhance
the electro-catalytic properties,75 with uniform elemental
distributions, the angular intensity profiles would exhibit the
same dependence than for their monoelemental counterparts.
Moreover, the GEXRF intensity profiles can be used as
a fingerprint to check whether the elemental distributions
within bimetallic particles are identical, respectively how the
spatial distributions differ.

Nanoparticles with a more complex structure can be in-
vestigated as well by means of GEXRF, e.g., core-shell
particles. In Fig. 4 the case of spherical particles with a Co
shell and a Pt core is considered. It is shown that the core
diameter and the shell thickness have a significant influence
on the evolution of the normalized angular intensity profiles.
If the overall particle size is constant and only the diameter
of the core is varied (Fig. 4, top row), i.e., the position of
the center of mass of the atoms emitting the investigated
X-ray signal is constant, the angular position of the intensity
maximum does not change, neither for the XRF signal from
the core nor for the one from the shell. However, the ratio of
the XRF peak intensity to the one at emission angles above the
critical angle changes in both angular intensity profiles, the
one from the core and also the one from the shell. Therefore
this ratio can be used as a first indicator about the size of the
core. Regarding the overall shape of the normalized angular
intensity profiles, the dependence on the core diameter, thus,
also the shell thickness, is more pronounced for the XRF
signal from the core than for the XRF signal from the shell
(Pt Lα1, respectively Co Kα1 in the selected example). If,
however, the core diameter is kept fixed and the overall
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particle size is varied by changing the shell thickness, much
more significant changes in the angular intensity profiles can
be observed (Fig. 4, bottom row). In this case the center
of mass position of the emitting sources with respect to
the substrate surface changes (as it did for monoelemental
particles of a given shape but different sizes). Analogue to
the size dependence observed for monoelemental spherical
particles (Fig. 3, left top and middle panels) the position of
the XRF intensity maximum moves towards smaller grazing
emission angles with increasing particle dimensions (increas-
ing shell thickness). In addition a second positive interference
peak shows up in the angular dependence of the XRF signal
originating from the core volume (Pt Lα1) for larger shell
thickness, meaning, an increasing height of the core region
above the substrate surface. Therefore, a dependence of the
particle position above the substrate surface could be studied
with core-shell particles, which might be of interest when
using GEXRF to study, for example, suspended particles.

The study of nanoparticles by means of GEXRF is not
only limited to the size dependence of core-shell particles
with a monoelemental core and shell, but may also be
extended to nanoparticles with multi-elemental compositions.
In Fig. 5 a 20nm in diameter particle with a 10nm in diameter
core composed of a CoPt alloy surrounded by a Co shell is
considered. While the shape of the angular intensity profile
for Pt Lα1 does not vary with the Pt concentration in the core,
the normalized angular intensity profile of Co Kα1 exhibits
a faint dependence, limited to the amplitude of the intensity
peak, in the angular intensity profile and approaches that of
a pure Co particle with decreasing Pt concentration in the
core (Fig 5, left panel). This is, however, not surprising,
since the physical parameters in Eq. 1 only show a very
weak dependence on the chemical composition or state of
the elements located within the particles. Indeed, even if
the energy of the monitored characteristic emission line of
one of the elements in the particles shifts with the chemical
state, the change in the refractive index of the substrate will
only be minor (inverse dependence on the XRF energy). On
the other hand, when combining GEXRF with a different
X-ray based technique offering chemical sensitivity like
fluorescence detected X-ray absorption (XAS) for example,
the grazing emission geometry can also be of advantage in the
case of core-shell particles where one elements is present in
the core and in the shell. Indeed, the relative contribution of
the Co atoms in the core to the total intensity in the GEXRF
profile varies with the grazing emission angle (Fig 5, right
panel). This allows optimizing the grazing emission angle
with respect to the volume in the particle, the core or the
shell, which may be preferentially studied with fluorescence
detected XAS.

6 Conclusions

In summary it has been shown that GEXRF presents the po-
tential for a reliable and accurate structural and compositional
analysis of nanoscaled particles deposited on the top of an op-
tically flat substrate. An experimental verification by GEXRF
and SEM was performed for the Au particles on the top of Si
while the Co, Pt and Co-Pt core-shell nanoparticles were con-
sidered on a simulation basis. Given their extreme properties
some of the latter samples are difficult to synthesize so that
an experimental verification as well as a cross-validation with
other experimental techniques is still to be realized. Nonethe-
less it was shown that the shape of the GEXRF intensity pro-
files permit to discriminate accurately different nanoparticle
sizes and shapes and moreover to investigate the structure of
core-shell particles. For grazing emission angles smaller than
the critical angle ϕc XRF photons emitted directly towards the
detector or via a reflection on the substrate surface can be de-
tected and interference effects between both emission paths
have to be taken into account. The intensity dependence in
this angular regime is sensitive to the size and shape of the in-
vestigated nanoparticles. For larger emission angles only the
XRF photons directly emitted towards the detector can be de-
tected. The information from this angular range can be used
for quantification purposes. Moreover, in comparison to con-
ventional GEXRF setups where the angular intensity profile
is acquired in a series of sequential measurements the use of
a scanning-free GEXRF setup allows for nanoparticle inves-
tigations at reduced exposition times to X-ray radiation. Fur-
thermore, since GEXRF is an X-ray based method , exper-
iments under atmospheric pressure can be envisaged. This
helps not only avoiding sample preparation issues but allows
for in situ measurement which is especially of importance if
changes induced by chemical reactions, for example the chem-
ical state of one or more reactants, are to be surveyed by com-
bining GEXRF with fluorescence detected XAS. Note that in-
formation on the chemical states cannot be obtained with elec-
tron microscopy based approaches. In combination with the
scanning-free GEXRF setup, XAS measurements can be re-
alized by scanning the incident beam energy only and inte-
grating afterwards for each incident energy the GEXRF pro-
file or selecting the XRF intensity emitted at a specific emis-
sion angle. GEXRF measurements can also be realized with
wavelength-dispersive setups25–28 with the goal to combine
this technique with chemical speciation methods requiring a
high-energy resolution detector,76,77 like resonant X-ray emis-
sion spectroscopy (RXES) for example. This would present
a promising approach for the (dynamic) investigation of the
physical and chemical state of nanoparticles, if required dur-
ing the synthesis of the nanoparticles, and the elemental dis-
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tribution within the nanoparticles with respect to the substrate
surface and allow straightforwardly for the investigation of
size-dependent particle properties. By selecting the grazing
emission angle to which the detection setup is sensitive, the
grazing emission geometry is not only of advantage to opti-
mize the detection efficiency and suppress background contri-
butions from the substrate but it can also be profited from to
optimize the sensitivity of the setup to a specific region of the
volume of core-shell particles.
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