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A reliable and quantitative material analysis is crucial for assessing new tech-
nological processes, especially to facilitate a quantitative understanding of
advanced material properties at the nanoscale. To this end, X-ray fluorescence
microscopy techniques can offer an element-sensitive and non-destructive
tool for the investigation of a wide range of nanotechnological materials.
Since X-ray radiation provides information depths of up to the microscale,
even stratified or buried arrangements are easily accessible without invasive
sample preparation. However, in terms of the quantification capabilities,
these approaches are usually restricted to a qualitative or semi-quantitative
analysis at the nanoscale. Relying on comparable reference nanomaterials is
often not straightforward or impossible because the development of innova-
tive nanomaterials has proven to be more fast-paced than any development
process for appropriate reference materials. The present work corroborates
that a traceable quantification of individual nanoobjects can be realized by
means of an X-ray fluorescence microscope when utilizing rather conven-
tional but well-calibrated instrumentation instead of reference materials. As a
proof of concept, the total number of atoms forming a germanium nanoobject

1. Introduction

New and promising nanostructured mate-
rials are constantly being developed at an
increasing pace and for a broad range of
applications.l'=3] One prominent field that
heavily relies on applying nanomaterials is
the semiconductor industry. There, state-
of-the-art integrated devices incorporate
a multitude of materials in a highly com-
plex manner.?l In fact, according to Orji
et al,l% the semiconductor industry is
reaching a point at which the position and
type of every atom within a device must
be known. Many metrological methods,
such as scanning probe microscopy, elec-
tron-based techniques, and X-ray-based
probes, are being applied and developed
for the characterization of these nano-
structures. They allow for the investigation
of different physical or chemical proper-
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ties, enabling a systematic evaluation and
tuning of the desired functional proper-
ties.101213] However, existing metrology
options are approaching inherent limits
and require significant advances to keep
up with future technology needs." For example, sub-surface or
buried nanoobjects stacked on top of each other are either inac-
cessible to techniques such as scanning electron microscopy or
can be made accessible only very localized (e.g., using cross-
sectional transmission electron microscopy). In that case, this
approach entails high preparative effort and destroys the device.
Consequently, there is a considerable need for characterization
techniques that can address these limitations, that is, provide
non-destructive, rapid, and multidimensional feedback."!
Methods based on X-ray fluorescence (XRF) can provide
such non-invasive insights into the elemental composition of
a wide range of materials."*" Due to information depths of
up to several um, even sub-surface parts of nanostructures are
easily accessible. Recent works!®?% highlight the capability to
simultaneously provide dimensional and analytical information
for an ensemble of structures. Nevertheless, the analytical reli-
ability of most XRF applications is often strongly dependent on
the availability of appropriate reference materials.*'2*l These
reference materials must have similar morphology and ele-
mental composition as the specimen of interest, which ensures
comparability. The production of these materials is, therefore,
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usually associated with high manufacturing and characteriza-
tion efforts. Consequently, the number of studied nanostruc-
tured materials is growing much faster than the availability of
well-performing reference materials.[242¢]

An alternative and inherently different approach is given by
reference-free XRF,*] which does not rely on any reference
materials. Instead, this approach is based on calibrated instru-
mentation and good knowledge of the atomic fundamental
parameters that are related to the physical interaction processes.
The general lack of nanoscale reference materials can therefore
be addressed by reference-free XRF, which is also capable of
qualifying calibration samples.?®2% The resulting flexibility of
this methodology enables the rapid application to a broad range
of material systems, even when conventional approaches fail to
provide the desired quantitative information. This work dem-
onstrates that the applicability of reference-free XRF can be
extended down to individual nanoscopic objects. It is shown
that a reliable quantification of the number of atoms forming
the nanoobject can be achieved by means of a high spatial reso-
lution photon probe approach in combination with calibrated
instrumentation. The general principles presented in this work
are easily transferable to similar X-ray fluorescence microscope
(XFM) set-ups and their application fields.[?*3%31 Furthermore,
it is shown here that dimensional parameters, such as length,
width, and height, can be derived with a novel model-based
reconstruction. This reconstruction is possible even when the
probing X-ray beam is slightly larger than the objects them-
selves. Based on supporting simulations, the generality of the
approach is illustrated and how it may be applied for the inves-
tigation of state-of-the-art and future semiconductor devices.

2. Results and Discussion

The general principle of the utilized XFM set-up is illustrated
in Figure 1. A soft X-ray beam, provided by an undulator beam-
line, is focused by means of a Fresnel zone plate and used to
illuminate the sample locally. The photon-induced X-ray fluo-
rescence radiation is emitted from an area on the sample about
the same size as the excitation beam. Thus, the analysis of the
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emitted X-ray fluorescence enables a quantitative and element-
sensitive characterization on the length scale of the excitation
spot size on the order of 100 nm, that is, nano-XRF. Moreover,
all expertise on well-established conventional XRF applica-
tions (without focusing optic) can be readily transferred to
the XFM because it is based on the same general principles.
In particular, this transferability includes the utilization of cali-
brated instrumentation,?’! preserving crucial traceability char-
acteristics without relying on any (nano) reference materials. To
validate this transfer, two independent quantitative experiments
on the same laterally homogeneous sample are compared in
Table 1, one with conventional reference-free XRF and one with
the nanofocused XFM set-up.

The comparison shows good agreement of the results within
the respective uncertainties. When investigating nanoscaled
objects, such as particles or regularly ordered nanostructures,
grazing emission X-ray fluorescencel®¥! is advantageous in
regard to increased measurement throughput and discrimina-
tion capabilities. Nevertheless, it is limited to probing an entire
ensemble of objects and provides averaged results on all objects
within the field of view of the probing beam. However, the com-
plementary element-sensitive study of individual nanoobjects is
also often desirable. Accordingly, for the methodological devel-
opment and subsequent demonstration of XRF quantification
at a nanoscale lateral resolution of individual nanoobjects, sev-
eral germanium structures were fabricated by electron beam
lithography (EBL).

1. An individual rectangular cuboid, which is not surrounded
by any other structures (length, width, and height of the ob-
ject are approximately 1000 nm, 150 nm, and 30 nm, respec-
tively, cf. Figure 2a). Two rectangular cuboids close to each
other forming a tapered region with a minimal distance of
about 40 nm (Figure 2b).

3. Larger objects with widths of up to 50 um from the same EBL
run (not shown here), which were used for beam profile de-
terminations and complementary X-ray reflectometry (XRR).

The cuboid nanostructures were laterally raster-scanned
using the XFM set-up. Horizontal and vertical sampling step
sizes were 100 nm, which is smaller than the lateral dimensions

electron storage ring

~
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‘< plane-grating monochromator
beamline
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plane of the beamline
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Figure 1. Schematic illustration of the XFM set-up at PTB’s plane grating monochromator beamline at BESSY Il. Distances and sizes are not drawn

to scale.
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Table 1. Independent quantification results of a single homogeneous
germanium layer with a nominal thickness of 15 nm.

Methodology Ge mass thickness/ug cm
Reference-free XRF 6.7 (4)
Reference-free nano-XRF 7.0 (4)

of the investigated objects themselves and smaller than the pre-
characterized beam size of about 160 nm, that is, with sufficient
overlap. The resulting quantitative X-ray fluorescence maps are
shown in Figure 2.

From these quantitative maps, the total germanium mass
and equally the number of germanium atoms of the individual
cuboid and the tapered set of cuboids can be determined, as
given in Figure 2. This is achieved by deriving a position-
dependent mass thickness (g cm™) as in conventional (non-
focused) reference-free XRF analysisi?’l for each measure-
ment position and numerically integrating over both lateral
directionsi®! for the entire ensemble of positions. It should
be emphasized that this process of integration relies on over-
sampling the entire specimen but is model-free and does not
require any a priori knowledge about the sample geometry.
Thus, it is easily applicable to more complex nanosystems.
These include highly heterogeneous systems, for example, in
the areas of biological,™® nanotechnological,® and energy
materiall”) applications, for which the availability of reference
materials is very limited.

Instead of integrating the X-ray fluorescence maps and
thereby discarding the contained dimensional information of
the nanoobject, it is also possible to preserve the spatial infor-
mation of each measurement position. This is achieved with a
novel model-based reconstruction algorithm, using ray tracing
simulations to derive the influence of the involved complex
geometric effects. The simulation takes into account the pre-
characterized beam profile, a geometric model of the specimen
itself, and the spatial arrangement with regard to the X-ray fluo-
rescence detector. The position-dependent X-ray fluorescence
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intensity is then calculated for a specific set of dimensions and
the position of the sample. Consequently, it is possible to recon-
struct these properties of the specimen when compared to the
experimental data. The individual cuboid objects’ length, width,
and height were accordingly determined as model parameters
by means of numerical optimization. Thus, the presented XFM
approach can simultaneously provide both element-sensitive
analytical and dimensional characterization. For further details
about the reconstruction approach, see the Section 4.

The reconstruction requires a priori knowledge about the
sample geometry characteristics in order to parametrize a spa-
tial model. For example, the structures are manufactured with
clearly rectangular shapes by the EBL technique as verified by
the SEM and AFM measurements (cf. Figure 2 and Figure 5)
and, therefore, can be modelled as regular cuboids. Hence, for
dedicated structures created by a well-controlled process, an
introduced model error will be either negligible or, conversely,
could be used to discriminate between different geometrical
shapes. To extract the optimal model parameters and determine
their uncertainties, a Markov-Chain-Monte-Carlo (MCMC) algo-
rithmP®! was applied. This algorithm performs a simulation
of the detected germanium X-ray fluorescence photon flux as
a function of the beam position relative to the structures. In
an iterative manner, the algorithm compares these calculated
values to the experimental data. Minimizing the deviations
between calculation and measurement, through adjustment
of the model parameters, allows a probability density function
for each model parameter to be estimated. One example of a
resulting histogram is given in Figure 3, showing the distribu-
tion of the relative probability of different cuboid heights for
the separate object. A mean value and its uncertainty, that is, a
standard deviation, are readily extracted.

The reconstruction quality can be seen from the projectional
insets of Figure 2 below and next to the respective X-ray fluo-
rescence maps. Except for some overestimated smoothness
due to the assumed perfectly rectangular shape, the recon-
struction reproduces the experimental data. The quantitative
results of the reconstruction, that is, object length I, width w,
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Figure 2. SEM images and experimentally determined Ge-Lor X-ray fluorescence maps of separate nanoobject (a) and tapered set of cuboids (b).
Depicted SEM images are from sister samples from the same EBL run as those measured with the XFM set-up. Each black dot in the X-ray fluores-
cence maps marks a measured position. Horizontally and vertically summed intensities are shown for a descriptive comparison between measurement
(black) and reconstruction (blue). In addition to the quantification result of the elemental mass, the corresponding number of germanium atoms is
derived based on the atomic mass of germanium.
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Figure 3. Histogram of the cuboid height as derived from the MCMC
simulation, taking into account all involved instrumental, experimental
and atomic fundamental parameters, including their respective uncer-
tainties. The mean value of the height h and its respective uncertainty,
in the form of the standard deviation, are readily extracted from this
histogram.

and height h, are listed in Table 2. The uncertainty of the lateral
width and length values derived by MCMC acutely depends on
the specific interplay of step size, beam width, object size and
the (to some extent arbitrary) object positioning—especially
in regard to sensitive edge positions of the respective lateral
direction—as it can be observed for the separate cuboid. SEM
measurements showed nearly identical widths and lengths of
the two tapered objects. Hence, for the nano-XRF reconstruc-
tion, only a single width and length were assumed, respectively.
These spatial parameters can be used to derive the total ger-
manium mass m = plwh based on the volume and the density
(p), resulting in nearly identical values compared to the spatial
integration approach. In addition, the results of atomic force
microscopy (AFM) and scanning electron microscopy (SEM)
measurements performed on identical sister samples are listed
in Table 2. Generally, when comparing the results of these dis-
tinct methods, a good quantitative agreement is evident within
the stated uncertainties. The determined length and width from
SEM differ by a few per cent in comparison to the other two
approaches. A likely reason for this is that the employed SEM
device is off-the-shelf with only estimated quality of calibra-
tion. Since all three methods rely on different physical working
principles and were performed independently of each other, the

www.small-journal.com

apparent consistency provides a mutual validation. The utilized
AFMB®3 s a carefully calibrated state-of-the-art tool for dimen-
sional metrology. Hence, the achieved uncertainties are lower
than those of the nano-XRF. For the compositionally simple
benchmark systems, the elemental discrimination capability of
XRF could not be demonstrated. But for more complex sample
structures with multiple elemental constituents, the possibility
to distinguish the characteristic X-ray fluorescence radiation
emitted by different elements becomes a major advantage.

The semiconductor industry is a prominent area of applica-
tions where devices consist of highly complex nanostructures.
Here, continuous scaling efforts towards increasingly effi-
cient devices®® are accompanied by an increase in complexity,
that is, complexity in design and fabrication and, accordingly,
complexity in composition and structure.”3*! State-of-the-
art X-ray microscopes optimized for spatial resolution have
already achieved sub-10 nm resolution, even in the soft X-ray
regime.Zl Thus, the demonstrated nano-XRF approach could
be a promising candidate for analyzing semiconductor nano-
structures with similar sizes. To showcase the expectable dis-
crimination capabilities of nano-XRF, simulations of a theo-
retical nano-XRF experiment were performed for one possible
future transistor system, namely, the forksheet architecture.*!
Several etching processes are required to form these sophisti-
cated 3D structures. One of these processes is the removal of
sacrificial silicon-germanium (SiGe) material without altering
the rest of the device. If too much sacrificial material remains,
the formation of properly working devices can be hindered, cf.
Figure 4a. A simulation, shown in Figure 4b, illustrates how a
nano-XRF line scan during a particular etching stage can dis-
criminate the total amount of material remaining (given by the
area under each curve) and also the location of this material:
The blue curve describes a uniform partial etching of SiGe, the
orange curve describes a non-uniform and therefore erroneous
etching given by additional material remaining at a specific
location. The general lateral location of this erroneous etching
can already be estimated directly from the line scan. Applying a
reconstruction based on a model of this system can be used to
deduce the exact arrangement, including the vertical position.
Similar arguments can readily be used for investigations of the
homogeneity along the forksheet structures. This kind of infor-
mation could be valuable input during the development of such
complex device design processes.

It is beneficial to compare the traceable quantification capa-
bilities of nano-XRF to scanning electron microscopy/energy

Table 2. Dimensional parameters of the separate cuboid and tapered nanostructures derived from the reference-free nano-XRF reconstruction com-
pared to SEM, AFM and XRR data. AFM and SEM measurements were conducted on sister samples produced in the same run with identical nominal
parameters. XRR was performed on a proxy sample with nominally equal height but a width of 50 um and a length of several mm from the same run.
The given AFM uncertainty values are the expanded measurement uncertainty evaluated with a coverage factor of k = 2. All other uncertainty values

are derived with a coverage factor of k=1.

Separate cuboid

Tapered structure

Method Width/nm Length/nm Height/nm Width/nm Length/nm Height/nm
Nano-XRF 140(20) 931(5) 32(6) 131(17) 964(62) 31(4)
AFM 143(2) - 35(1) - - -
SEM 144(5) 990(5) - 151(5), 149(5) 989(5), 993(5) -
XRR - - 32.8(5) - - 32.8(5)
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Figure 4. a) Schematic illustration of a SiGe etching process during the formation of a forksheet structure (cross-sectional view). The left part of the
image depicts the sacrificial SiGe material before etching with a total lateral width of 20 nm. The right part depicts a partial and erroneous etching,
where more material remains at a specific position compared to other locations of SiGe. b) Simulated line scan of germanium L X-ray fluorescence
intensity emitted by the forksheet structure, after partial SiGe removal (15 nm beam FWHM, 4 nm sampling step size). The blue curve represents a
uniform partial etching of SiGe at all locations, after a reduction from 20 nm down to 0.2 nm lateral width, that is, a removal of almost all but 1% of
sacrificial material. The orange curve describes an erroneous partial etching, that is, a specific location (as indicated in the left figure) is only etched
down to 0.3 nm instead of 0.2 nm. The shaded area indicates the areal difference of the curves and amounts to roughly 8%, which can directly be

converted to an absolute amount of SiGe material.

dispersive X-ray spectrometry (SEM/EDS), a technique relying
on electrons instead of photons to induce X-ray fluorescence
radiation. SEM/EDS has many similarities to scanning nano-
XRF analysis because of basically identical detection chan-
nels. While SEM/EDS set-ups usually have access to superior
spatial resolution in the excitation channel (about 1 nm), they
face other challenges.'**! These include, for example: Consid-
erably higher bremsstrahlung background limiting the sensi-
tivity achievable, limited penetration depth barring the access
to buried structures, intricate geometric effects hindering a
straightforward analysis, large uncertainties in atomic funda-
mental parameters related to the electron-material interaction
process and charging effects necessitating a conductive coating.
All of these are subject to errors with respect to the quantifica-
tion scheme, limiting the usefulness of SEM/EDS in this regard.
Nevertheless, both methods would undoubtedly benefit from
mutual validation for the purpose of examining methodological
shortcomings and leveraging complementary advantages.

3. Conclusion

In summary, this work successfully transfers reference-free
XRF quantification capabilities to an X-ray fluorescence micro-
scope. This quantification enables the determination of the
elemental mass of an individual nanoobject or, equivalently, the
number of atoms forming it. The presented approach can be
applied to a wide range of materials because the underlying spa-
tial integration is model-free and does not depend on the avail-
ability of any reference materials. Moreover, it has been shown
that a reconstruction can provide dimensional insights if a geo-
metrical model of the sample can be defined, for example, if
the manufacturing process is well understood. Since this recon-
struction approach is flexible with respect to both the materials
employed and the complexity of the nanoobjects, it can also
be applied to real-world nanoobjects, that is, to more complex
systems than the presented benchmark structures. This com-
plexity may raise the required computational cost. For example,

Small 2023, 19, 2204943 2204943 (5 of 10)

when taking the X-ray attenuation of materials stacked on top
of each other into account.

The general principles of the approach, which relies on
the use of calibrated instrumentation and good knowledge of
atomic fundamental parameters, are readily transferable to
similar XFM set-ups. Even though such calibration of X-ray
detectors requires a certain effort, this is more than compen-
sated by the potential to probe nearly any material quantita-
tively. The actual spatial resolution of the used set-up is rela-
tively moderate compared to state-of-the-art set-ups designed
for the highest spatial resolution. However, the presented quan-
tification and reconstruction methodologies are easily scalable.
If the resolution of the excitation channel is improved, this will
allow for the characterization of equally smaller objects. The
important aspect of beam damage, which is otherwise often
negligible, becomes relevant when applying the approach with
increasingly high excitation intensity and to especially sensi-
tive structures (e.g., biological matter). This could mean that
the specimen gets damaged before it is sufficiently probed.
Maximizing the detection efficiency by using detectors with
increased detector area can be crucial®! but calls for more com-
plex instrumental calibration strategies.

4. Experimental Section

Materials: Samples were fabricated on a silicon (100) wafer using EBL.
The fabrication procedure consists of depositing a 130 nm PMMA resist
(ARP 671.02) on top of the cleaned substrate, which was then exposed
by EBL. It was performed using a Vistec EBPG 5000+ e-beam system (at
50 kV and a corresponding dose of 470 uC cm2). The resist was
developed in a solution of isopropyl alcohol and methyl isobutyl
ketone (3:1) + 1% methyl ethyl ketone for 45 s. The realization of the
nanostructured germanium was then obtained by deposition of a
nominally 30 nm thick germanium film, followed by the lift-off process.
The germanium was deposited by the thermal evaporation technique at
a pressure of 10° mbar and temperatures of up to 160 °C.

AFM Measurements: A representative AFM line scan is shown in
Figure 5. The measurement is performed with a CD-AFM developed at
the PTB.®1 The CD-AFM applies a six-axis flexure hinge nanopositioning

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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Figure 5. Representative AFM line scan of the separate cuboid.

stage with embedded capacitive sensors as a scanner and uses the
classic optical lever technique to detect the bending and torsion of
cantilevers. The AFM measurements are mostly performed in the
intermittent-contact mode, where the amplitude modulation technique is
applied for detecting the tip sample interaction. For achieving better CD
measurement performance, a special probing strategy—referred to as
vector approach probing (VAP)—has been developed and applied in the
CD-AFM. Using this VAP method, the structure is probed in a pointwise
manner by an AFM tip approaching along a 3D vector path, which is
typically defined as the normal vector of the surface. During the probing
process, the tip sample interaction curve is recorded for calculating
the measurement result at each point. The VAP probing method offers
advantages of (i) high 3D probing sensitivity and (ii) low tip wear,
which are key and important for accurate 3D nanometrology. A previous
studyP®l had shown that the tip wear is less than 1 nm over more than
500 repeated measurements of a feature; the reproducibility of repeated
feature characterizations is better than 1 nm. In addition, the CD-AFM
applies an air bearing stage (referred to as Narnostation 300) for the
coarse positioning of samples with a travel range of 550 mm x 300 mm.
Thus, large samples such as silicon wafers and photomasks can be
directly measured in the instrument. The air bearing is deactivated
during AFM measurements to reduce its vibrational noise.

To ensure highly accurate and traceable measurements using the
CD-AFM mentioned above, two important calibration issues have
been performed in the study. The first issue concerns the traceable
calibration of the scanner displacement, which is achieved by using sets
of nanoscale standards, that is, the step height and grating standards.
Prior to their usage, these standards were traceably calibrated by a
metrological large-range AFM,*l which serves as one of the main
workhorses for primary dimensional nanometrology at the PTB. The
second issue concerns the calibration of the tip geometry. The AFM tip
geometry is a fundamental concern in CD-AFM measurements, as the
image obtained in AFM measurements is the dilated result of a sample
by the effective geometry of its tip. To derive the real geometry of the
sample, the tip geometry must be reconstructed and then be corrected
for from the measured AFM image. In this study, the calibration of the
tip geometry is performed using the standard type IVPS100-PTB, whose
geometry and corner rounding have been accurately and traceably
calibrated to the lattice of crystal silicon by using high-resolution
transmission electron microscopy,*’! jointly developed by the PTB and
the company Team-Nanotec. The tip characterization methods and
data processing procedures of the CD-AFM tip geometry were detailed
in previous publication.’] The method offers excellent measurement
performance, for example, the tip geometry of a probe type CDR120 with
a nominal tip diameter of 120 nm is reconstructed using two different
tip characterizers before, during, and after it is applied for a calibration
of a user sample. The agreement of all 20 obtained tip profiles reaches
0.4 nm.B7l Thus, the dedicated instrumentation of the CD-AFM and
calibration processes offers accurate and traceable calibration results of
nanostructures, as illustrated in Table 2.
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SEM Measurements: Sister samples (equivalent samples from the
same EBL run) of the different nanostructures have been characterized
using SEM with respect to their dimensional properties. The SEM
measurements were carried out using a Zeiss LEO 1560 at Helmholtz-
Zentrum Berlin.

Nano-XRF Set-Up: The experimental nano-XRF set-up includes a zone
plate, beamstop, order sorting aperture (OSA) and samples, all on one
single and compact platform,® avoiding unwanted relative motions of the
components, and thus reducing the sensitivity of the set-up to vibrations.
It is described schematically in Figure 1 and can be directly mounted
onto the sample stage of an existing ultra-high vacuum-compatible
instrumentation for reference-free XRF.*l Through its size, this compact
nano-XRF set-up offers various areas of operation as it allows for position-
sensitive nano-XRF as well as scanning transmission X-ray microscopy
(STXM) experiments. In addition, it can, of course, also be inserted in
other experimental set-ups through their load-locks, if available.

The optical elements of the set-up consist of a Fresnel zone plate
(with a diameter of 360 um and 225 nm Au coating, an outer zone
width of 25 nm and an integrated 50 um central beam stop) and a
50 um diameter OSA. The optics and the sample are mounted on piezo
positioning stages, providing a nominal resolution of about 1 nm. The
zone plate can be aligned in the X-Y plane, that is, perpendicular to the
optical axis, and the OSA in X-Y-Z. Samples for XRF measurements are
mounted on a 4-axis manipulator, which can be moved in and out of
the beam path. Behind the sample position, a calibrated photodiodel*"l
allows for the determination of the incident photon flux and, optionally,
STXM experiments.

For the experiments presented in this work, the compact nano-XRF
set-up was placed 2m behind the focal position of the PTB’s plane
grating monochromator beamlinel® for undulator radiation at the
electron storage ring BESSY Il. The monochromatic photon energy of
the incident X-ray radiation was Ey = 1240 eV, that is, above the Ge-L;
edge and just below the Ge-L, edge, thus avoiding the analytical
challenges of Coster-Kronig transitions. Furthermore, pinholes can be
placed in the beam path at the focus position of the beamline to confine
and optimize the X-ray beam before the zone plate focuses it onto the
sample plane. Depending on the required beam properties in regard to
spatial resolution and intensity, the pinholes have different diameters.
All presented results were achieved using a 50 um pinhole. The emitted
X-ray fluorescence radiation was detected by means of a calibrated?®"*2
silicon drift detector (SDD) mounted at an angle of 90° with respect
to the incident X-ray radiation. The nanostructure was scanned with a
measurement time of 20 s for each lateral position, as well as a step size
of 100 nm in both lateral directions, using the pre-characterized beam.

Beam Profile Determination: For the reference-free nano-XRF
characterization of the germanium structures, it is crucial to determine
the lateral intensity distribution of the nanofocused beam profile. The
subsequent quantitative results depend directly on this information
since different beam profile distributions and sizes may result in
different footprints on the sample and, thus, different XRF signals. For
that purpose, vertical and horizontal lines of different widths were used
as dedicated test structures present on the same sample carrier for
the characterization of the beam profile (Figure 6, left). On each of the
widest lines (width about 500 nm), ten XRF line scans with a step size
of 50 nm and a measurement time of 18 s per position were performed
with a monochromatic photon energy of the incident X-ray radiation of
Eo = 1240 eV. The X-ray fluorescence photon flux for Ge-Le fluorescence
radiation was derived from each recorded spectrum. As the EBL
fabricated nanostructures have rather sharp edges, the slope of the X-ray
fluorescence signal, when approaching a line, is a measure for the beam
profile in that direction. This is supported by additional SEM images of
the structures, which revealed only negligible deviations from a perfect
knife-edge (below 20 nm). Furthermore, no significant deviations from
the expected Gaussian beam profile were observed. Therefore, each line
scan is modelled using the Gaussian error function (i.e., the normal
cumulative distribution function) in order to derive the beam profile
widths, cf. Figure 6 (right). The MC reconstruction approach described
below is flexible enough to also handle non-Gaussian profiles. The
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Figure 6. Lefi: SEM image of elongated rectangular germanium structures used for beam profile determination. Nominal vertical lengths are indicated
under each structure. Center: Normalized Ge-La X-ray fluorescence micrograph of the indicated blue area of an identical germanium structure. Right: Nor-
malized Ge-Lor X-ray fluorescence intensity of a selected line scan as indicated in the center image. Horizontal lines highlight the levels defining the FWHM.

modelling parameters for the presented beam profile determination are
the distribution’s amplitude, position, and width, as well as a constant
background originating from stray light contributions. Exemplary results
of the mean FWHM values determined from multiple line scans for the
horizontal and vertical dimensions are:

hor. FWHM / nm
162(6) 164(6)

vert. FWHM / nm

The stated uncertainties are estimated from the standard deviation
of the line scans of the respective edge. These used beam widths are
constrained by the trade-off between the aim of high spatial resolution
as well as high photon flux. With the current set-up, an FWHM of about
100 nm can be routinely achieved at a monochromatic photon flux
of more than 10 s (available on the sample). Smaller beams can be
produced at the cost of disproportionately lower photon flux and, thus,
longer measurement times. The primary limiting factor in regard to
spatial resolution remains the impact of the beamline on the X-ray beam
characteristics. A beamline optimized for radiometric applications in
a wide spectral rangel®? and not necessarily for transverse coherence-
sensitive applications. To enhance coherence characteristics, sophisticated
investigations are required, for example, by analyzing (and minimizing)
vibrations of the monochromator® and optimizing beamline optics.

XRF Quantification Scheme: The reference-free XRF approachl?’] allows
for a direct quantification of the elemental mass thickness % (g cm™),
that is, elemental mass m per unit area F, using the measured X-ray
fluorescence signals, as all relevant experimental, instrumental and atomic
fundamental parameters are taken into account. The quantification can be
performed using the Sherman equation®3%] for a single homogeneous
layer if the sample can be assumed to be infinitely extended, that is,
laterally homogeneous at the length scale of the incident beam:

L W R 0
F Htot ® QQdet 1 i
0S4 Siny; ot

He, | He,
siny;  siny,

with Q= (T £, -0, g1o) ANd Py =( ) Here, Mg, is the mass

attenuation coefficient at the excitation photon energy Ey, 7Lk, is the
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partial photoelectric cross-section of the L absorption edge, @, is the
fluorescence yield of the L3 absorption edge, Ke,, is the mass attenuation
coefficient at the photon energy E,,, of the Lo fluorescence line, and g,
is the transition probability of the La fluorescence line. @y is the photon
flux of the incident radiation, cha:Eﬂ is the photon flux of the Lo
Lo

fluorescence line emitted into the solid angle of detection Qge;, with the
detected count rate R, and detection efficiency g, at the photon energy
Ei o W is the incident angle and y, the observation angle.

The case of XRF based on a nanoscaled excitation beam illuminating
a sample structure having similar dimensions is, however, more
complex than for a laterally homogeneous sample. In general, the 3D
shape of a nanoobject can be rather complex. Due to the nature of the
measurement, a 2D map is recorded, where each measurement point
corresponds to a different footprint, that is, a different partial overlap
between the incident beam profile and the object. As a consequence, the
convolution of the incident intensity distribution within the irradiated
area and the 3D local mass thickness distribution needs to be taken
into account for the XRF quantification. Furthermore, photon absorption
paths inside the 3D sample depend on the lateral position of the incident
beam with respect to the nanostructure: Figure 7 depicts two photons,
defined by their wave vectors k and kK, both impinging on a cuboid
sample under an incident angle y; but at different lateral positions. If,
for example, both are absorbed in the same depth inside the sample,
the path lengths (S and S’) on their way to the point of absorption are
substantially different. Equivalently, the maximum available absorption
path for the incident photons (S + A and S” + A’) depends strongly
on both the incident beam position and the shape and size of the
nanostructure. The same is true for the paths of X-ray fluorescence
photons emitted in the direction of the detector. The probability for
absorption of the emitted X-ray fluorescence photon scales with the
available absorption path (Sp and 5;3). While only one lateral dimension
is depicted in Figure 7, the aforementioned effects need to be considered
for all spatial dimensions. These effects can substantially affect the
observed X-ray fluorescence intensity, and Equation (1) is no longer
applicable in that case.

To be able to account for these effects for an arbitrary shape of
the nanostructure, a Monte Carlo (MC) method is employed. The
geometrical path for a number of N photons is simulated (i.e., ray
tracing). The simulation determines the fraction of N, which creates
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Figure 7. Schematic view of different photon paths inside a cuboid
sample. For incident photons impinging under the same incident angle
v, different absorption paths S, = (A + B) < (A" + B’) are available,
depending on the point of interaction. The outgoing X-ray fluorescence
radiation is also differently attenuated, depending on the absorption
paths Sy > Sou-

X-ray fluorescence photons reaching the detector. The choice of N
affects the simulation’s computational cost and determines its desired
numerical stability and accuracy. The approach is based on the MC
method described by Schoonjans et al.1’®l As extension to their software,
our simulation allows for the definition of the nanostructure as a
geometric shape, for example, a cuboid, with a given spatial position
and dimensional parameters. These parameters will be varied during
the fitting process as described below, and in that sense, they can be
determined based on the measurement data. This approach allows
accounting for nanostructures with essentially arbitrary shapes but
may not be unambiguous for shapes which produce similar or identical
X-ray fluorescence signals. In that case, additional experimental effort
may be required to resolve these ambiguities, for example, by using
multiple monochromatic incident photon energies in succession or by
varying the angle of incidence or detection with respect to the specimen.
Alternatively, independent insights can be gained by complementary
measurements such as scanning probe and electron microscopy or from
pre-existing knowledge of the manufacturing process.

Furthermore, the MC simulation defines incident photons by their
monochromatic energy Ey (here Ey = 1240 eV) and a direction vector k.
The lateral coordinates of this direction vector are drawn randomly from
a (normalized) 2D normal distribution, with the dimensions determined
from the beam profile measurements. The probability that a photon
interacts with the sample and that the X-ray fluorescence photon is not
absorbed on the way out can be calculated according to the Beer-Lambert
law using the path lengths from Figure 7. Depending on the position of
the beam relative to the nanostructure, the effective available path S;, can
also be zero if the incident photon is not incident on the nanostructure
at all. This is true for a considerable number of photons during the
measurements. Because of this, variance reduction techniques are
applied similarly to those described by Schoonjans et al.*®l The actual
penetration length A of an individual photon is calculated by

A=_|n('I—UpA) 2
HE, P

where 0 < U <1is a random number drawn from a uniform distribution.
In practice, though, U is calculated by a pseudorandom number
generator. The probability p, that the incident photon is absorbed in the
sample (i.e., interacts with the sample), is calculated using the Beer-
Lambert law:

pa =1-exp(—pe, PSin) 3)

The total available absorption path S, for the incident photon is
determined by its direction vector k and the position, shape and size
of the sample. The total number of photons of the La fluorescence
line per second emitted into the solid angle of the detector is then
given by
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— Q Qdet 7
D, =D je, 4n p. (4)
Here, the fraction 9 describes the probability that an interacting
Eo

photon produces radiation of the correct X-ray fluorescence line. The
probability p is given by the number of photons interacting with the
sample and not getting absorbed in the sample, averaged over all
simulated N photons, as given by the following Equation (5):

52%2}7/& exp(_HEmpSout) (5)
N

Equation (4) is a generalization of the original Sherman Equation (1)
and is used for the fitting process described in the following. In
general, the local mass thickness distribution can be arbitrarily
complex for a given nanostructure. The present nanostructures were
purposefully designed to be rather simple structures so that the used
production process can create them with reproducible accuracy and
the performance of the approach itself could be easily evaluated. Since
additional validation measurements confirmed sharp edges (cf. SEM
images in Figure 2 and AFM measurement in Figure 5), a homogeneous
regular cuboid can be assumed as a model for the nanoobject. Thus,
the present nanostructure can be described using decidedly few model
parameters: Two location parameters (X- and Y-position) and 3D size
parameters (width, length, and height of the cuboid). More complex
sample systems certainly increase the number of model parameters
required and, in turn, the computational effort. However, this approach
can also be used for inhomogeneous objects with locally varying mass
thicknesses. Since the positional parameters are arbitrary and depend
on the position during the experiment, the parameters of interest are
the dimensional sizes. The height h is related to the mass thickness

by %:(h-p). Here, the germanium density p =4.65(24) g cm™ was

independently determined by modelling of XRR data. This XRR data
was obtained by using a non-nanofocused beam geometry on a large
germanium layer (50 um width and several mm length) at the edge of
the structured area, which can be used as a proxy for the nanostructured
sample due to the homogeneity of the production process.
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