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Abstract
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Spatially resolved x-ray fluorescence (XRF) based analysis employing incident beam sizes in the
low micrometer range (4XRF) is widely used to study lateral composition changes of various
types of microstructured samples. However, up to now the quantitative analysis of such
experimental datasets could only be realized employing adequate calibration or reference
specimen. In this work, we extent the applicability of the so-called reference-free XRF approach
to enable reference-free uXRF analysis. Here, no calibration specimen are needed in order to
derive a quantitative and position sensitive composition of the sample of interest. The necessary
instrumental steps to realize reference-free uXRF are explained and a validation of ref.-free
uXRF against ref.-free standard XRF is performed employing laterally homogeneous samples.
Finally, an application example from semiconductor research is shown, where the lateral sample

features require the usage of ref.-free uXRF for quantitative analysis.

Keywords: x-ray fluorescence, micro focussed XRF, reference-free analysis, thin-film

characterization, nanostructure characterization

1. Introduction

X-ray fluorescence (XRF) analysis with spatial resolution in
the micrometer range (micro-XRF or u-XRF) is a technique
that is being widely used to study the elemental composition
over a wide range of application fields. Due to the superior
features of XRF (nearly no sample preparation, good detec-
tion limits, non-destructiveness, easy automation and its
measurement capabilities for nearly the full periodic table), it
is a highly used technique both at large-scale research facil-
ities and at laboratories using custom build or commercially
available tools.

By scanning the sample through the incident micro
focussed x-ray beam and detecting the element-specific XRF

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

radiation, elemental maps of a wide range of sample types from
liquids [1] to solids and very diverse range of applications
including semiconductor research [2], forensics [3], geology
[4], biology [5] or archaeometry [6] and archaeology [7] can be
acquired. In many cases, however, the required quantitative
information on spatial differences in composition needs cor-
rection for intricate matrix effects. Raw XRF count rate dis-
tributions are not sufficient. To address this issue, there exist
fundamental parameter (FP) based physical quantification
schemes for p-XRF [8, 9], similar to those used for standard
(non-focussed) XRF applications. However, they require a pre-
calibration of the employed instrument using adequate cali-
bration samples—which may be difficult to obtain—as well as
good knowledge of the transmission behaviour of the
employed micro-focussing optic. In addition, slight changes in
the optical beam path, resulting in changes of the transmission
behaviour can introduce severe quantification errors.

In this work, a different quantification approach for
1-XRF is demonstrated, which is already well-known from

© 2024 The Author(s). Published by IOP Publishing Ltd
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standard XRF [10, 11] and recently also for XRF employing
nm-sized incident beams [12]: the so-called reference-free
quantification scheme. In contrast to conventional FP-based
quantification, it is based on using radiometrically calibrated
instrumentation. Thus, all necessary instrumental and geo-
metrical parameters for a quantification are directly available
without the need for any calibration sample. As a result,
nearly any sample can be directly characterized in a quanti-
tative manner. If the incident photon flux impinging the
sample is determined after the incident beam passes through
the focussing optic, the transmission function of the optic is
not relevant.

We employ a mono-capillary optic in the excitation
channel to refocus the monochromatic soft x-ray radiation to
spot sizes in the order of 15 pm full-width-at-half-maximum
(FWHM). The ref.-free quantification scheme is demonstrated
using stratified layer samples for which standard ref.-free
XRF can serve as validation in a straightforward manner.
Finally, the ref.-free u-XRF approach is applied to state-of-
the-art semiconductor nanostructures. The increased spatial
resolution is used to successfully probe the target areas
without any background signal from surrounding sample
areas. As a result, a recess etch of sacrificial SiGe material
within complex nanostructures can be studied.

2. Reference-free x-ray fluorescence analysis

The ref.-free XRF methodology of Physikalisch-Technische
Bundesanstalt (PTB) [10, 11] is based on employing physi-
cally calibrated and well-characterized instrumentation. This
includes well-known excitation sources, for which several
well-characterized beamlines are being used at the BESSY II
electron storage ring. In the soft x-ray range, the plane-grating
monochromator (PGM) beamline [13] for undulator radiation
provides x-ray radiation of high spectral purity in the photon
energy range from 78 eV to 1860 eV. For the tender- and hard
x-ray ranges, both the four-crystal monochromator (FCM)
beamline [14] and the BAMline [15] are available for ref.-free
XRF experiments. For the monitoring of the incident photon
flux as well as for the detection of the emitted XRF radiation,
physically calibrated photodiodes [16] and silicon drift
detectors (SDD) are being employed. For the latter, not only
the photon energy dependent detection efficiencies are being
calibrated but also the photon energy dependent detector
response [17] is being determined in dedicated experiments
employing direct monochromatic synchrotron radiation [18]
in special low-electron current shifts at the BESSY 1II electron
storage ring. The detector response functions are important
for the reliable deconvolution of the fluorescence spectra
especially if fluorescence lines overlap with each other. The
detection geometry, which determines the solid angle of
detection, is either set by employing a calibrated aperture at a
well-known distance with respect to the sample [19] or by a
calculation employing the incident beam intensity profile and
the relevant SDD detector parameters such as distance and
chip aperture area [20, 21]. Finally, the required fundamental
parameters (FPs), which quantitatively describe the process of

XRF production are taken from databases [22] or from
dedicated experiments [23].

The calibrated photon detectors are placed in one of the
available in-house-built ultra-high vacuum chambers [19, 24]
and then mounted at the respective beamline. This allows the
key parameters required for a reference-free quantification of
the mass deposition or the areal mass pd; of the element i of
interest on or within the sample to be determined in a flexible
manner. This includes the incident photon flux ®y(E,) of
monochromatic energy E, and the effective solid angle of
detection (2. In conjunction with either tabulated or experi-
mentally determined atomic FPs, the following Sherman
equation [25] can be used for a quantification of pd;:

Q 1

F (O, Eo) = ———P¢(Ep) e, WiTj(Eo)
47 sin 0y,
X w;iTi ;ME, (1)
with

(11— exo[ (352 + 222) ]
Mg g = 2
Eoky (ug(Eo> #5<Ef>) ’ @

sin 0, sSin Goy,

Here, the recorded count rate for XRF radiation F(6;,, Eg) of
the element of interest excited employing monochromatic
incident radiation of photon energy E, and an incident angle
0;, is required together with the SDD specific detection effi-
ciency e, for the fluorescence line Ey of interest. The relevant
atomic FPs such as the photoionization cross section of the
respective subshell 7;(Ey), the fluorescence yield for that
subshell w; as well as the transition probability 7;; of the
fluorescence line of interest are also required. In combination
with sample specific parameters such as the weight fraction
W, of the element within the material of interest and the
attenuation correction factor Mg, g, (calculated using the
sample specific attenuation cross sections g for both incident
and XRF photon energies and incident 6;, and detection
angles 0, see equation (2)) all relevant parameters required
for a quantification are available and the element’s mass
deposition can be calculated without requiring adequate
reference materials or calibration samples.

A sketch of a typical setup for such ref.-free XRF
experiments is shown in figure 1 (left). The sample is placed
into the center of the respective chamber by means of an x—y
scanning stage, and the incident angle 6;, between the surface
of the sample and the incoming beam is set to 45°. Depending
on the beamline employed, the beam size on the sample
surface determines the achievable lateral resolution. As all of
the excitation volume emits XRF radiation and the employed
SDD cannot distinguish between signals originating from
different areas within the excitation spot, the beam size is the
limiting factor. For the PGM beamline, the FWHM spot size
is typically about 40 um by 220 um. At the higher-energy
beamlines, the spot sizes are usually larger.

If the sample requires a higher lateral resolution, the
incident x-ray beam can be refocussed to a smaller spot size
employing additional optical elements. For sub-pm lateral
resolution, zone-plate based optical setups can be aligned into



Nanotechnology 35 (2024) 285702

P Hénicke et al

Reference-free XRF setup

monochromatic
incident beam

- calibrated
- apperture

calibrated}:

SDD 154 . spot size on sample:
HutEat ! 40 pumx220 um
ad 1 : (FWHM)
X/Y scanning  — . calibrated
stage L] photo diode

Reference-free u-XRF setup

monochromatic
incident beam

calibrated}:
SDD

4 spot size on sample:
2 =15umx20 um

(FWHM)
. calibrated
photo diode .-

-Tluorescence

radiation .

X/Y scanning
stage

Figure 1. Sketch of the experimental setup for ref.-free XRF and the necessary modifications to enable ref.-free ;-XRF experiments: a
focussing optic (here a single-bounce mono-capillary lens is used) is introduced in front of the sample, a calibrated photodiode is mounted on
the sample holder and an optical camera for fast beam positioning and optics alignment are mounted into the setup.

the incident beam path [12]. Here, we aim for a lateral
resolution in the 10 pm range, for which capillary optics [26]
provide excellent intensity amplification in comparison to a
classical aperture. In this work, we employ a single-bounce
mono-capillary optic as described in another work [27]. This
capillary provides a very high transmission, as only one
reflection occurs inside the capillary and allows for a reali-
zation of spot sizes in the low micrometer range. In figure 1
(right), a sketch of the modified setup for ref.-free -XRF
experiments is shown. Only minimal modifications are
required and spot sizes in the order of 15 pm by 20 pm can be
achieved. Depending on the photon energy and the alignment
effort, also smaller spot sizes are thinkable but were not
required here.

For a successful transfer of the ref.-free quantification
principles towards such p-XRF experiments these modifica-
tions to the setup include of course the reshaping of the
incident beam. In addition, it must be ensured that the general
requirements mentioned earlier are also fulfilled, which is
especially crucial for the determination of the incident photon
flux. As the photon energy dependent transmission of the
capillary lens is often not available at sufficient accuracy and
as it is also dependent on the quality of the alignment of the
optic with respect to the incident beam, a calculation of the
transmitted photon flux is not viable. For an accurate mea-
surement of the transmitted photon flux downstream of the
optic, it is crucial to consider the much larger angular diver-
gence of the refocussed x-ray beam as well as its drastically
higher photon flux density in the focal point. Due to the latter,
it must be ensured that no saturation or destructive effects
occur as they would alter the photo diodes linearity and
efficiency [28] resulting in erroneous photon flux values. The
high divergence of the refocussed beam requires the
employed calibrated photo diode to be close enough as it will

not be able to detect the full beam if it is positioned too far
downstream. As this is the case in the standard setup, the
calibrated photodiode is attached to the sample holder for the
ref.-free ©-XRF experiments. In contrast to about 40cm
between sample surface and photodiode in the standard setup,
this distance is reduced to about 5 cm for the p-XRF setup.
This distance is a good compromise between these two
boundary conditions.

For practical reasons, the calibrated aperture defining the
solid angle of detection was removed for the ref.-free u-XRF
experiments. This allowed for a realization of larger detection
solid angles (by reduction of the sample-detector distance)
and thus faster mapping experiments, which was required in
order to enable larger area investigations. The solid angle of
detection for the ref.-free u-XRF experiments can then be
determined by comparison of detected fluorescence intensities
for a given sample with and without the aperture.

3. Experimental

3.1. Beam characterization and photon flux determination

As already mentioned, it is required to determine the incident
photon flux for ref.-free u-XRF experiments. In addition, the
characterization of the beam profile with respect to its size in
X and Y is also required. The beam profile characterization is
important for aligning the capillary optic where both the lat-
eral size as well as the photon flux within the spot are the
measurands to be optimized. Secondly, if small sample areas
are to be investigated, it must be ensured that the excitation
spot is smaller in size than the sample area of interest. If the
beam spot would be larger than the lateral distribution of the
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Figure 2. Reconstructed 2D beam profile employing Gaussian approximations of the derived knife-edge scans in X- and Y-direction.

element of interest, the correct areal mass cannot easily be
quantified.

The beam spot dimensions can easily be determined
employing knife-edge scans in each direction as explained in
detail in [27]. The derivatives of the knife-edge scans in X
and Y-direction are shown in figure 2. Here it should be
noted, that the data quality of the derivative is less good on
the side of the knife-edge scan, where the knife-edge starts to
cut into the beam. This could be improved by scanning the
knife-edge from both sides but was not necessary here. A
reconstructed 2D beam profile, based on a 2D Gaussian
approximation using the widths of the knife-edge scans in X
and Y-direction for the employed capillary is shown in
figure 2. As the beam size strongly depends on the alignment
of the capillary, this is only a representative result and the
beam size must be monitored, for example, when changing
the excitation photon energy. For the subsequent experiments,
several realignments were performed resulting in slightly
different beam size values.

For the determination of the incident photon flux, a
10mm x 10 mm Si photo diode [29] was mounted much
closer to the sample position where also the focus of the
capillary optic is aligned to. The diode was mounted in a way
that ensures a perpendicular incidence of the incoming photon
beam. The detection efficiency of this photo diode can be
derived by cross comparison to the calibrated photo diode in
the back of the experimental chamber employing the direct
x-ray beam. As already mentioned, it must be ensured, that
the diode is operated in its linear range even if the photon flux
is confined to a small area due to the capillary. This can be
checked by comparing the derived photon flux through the
capillary to the flux without a capillary in the optical beam

[
o
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\
A Y
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m = 0.18 0.24

o -0.22°

107, L

o
N
transmissio

106’ /’ | =
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10° 107 108
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Figure 3. Results of the linearity check of the employed photo diode
used for the determination of the incident photon flux for the p-XRF
experiments. For different incident photon fluxes, the ratio of the
flux measured using the optic and the flux without the focussing
optic was measured. The slope m = 0.18 of the black dashed linear
fit corresponds to the transmission of the capillary at the employed
photon energy of about 1250 eV, which is also shown by the blue
data points and the right y-axis. The error bars show the 1-sigma
uncertainty of the photon flux, which is mainly determined by the
uncertainty of the diode efficiency calibrations.

path. If this is repeated for several incident flux intensities, the
linearity of the diode can be checked.

In figure 3, the outcome of such an experiment is shown.
The photon flux available on the sample was varied by
changing the exit slit size of the beamline, resulting in a
variation of about two orders of magnitude. The straight
dashed lines shows that the photo diode is still in its linear
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Figure 4. Schematic view of the employed stratified layer samples (left) as well as a comparison of the recorded normalized fluorescence
intensities recorded on these samples in standard ref.-free XRF and ref.-free u-XRF (right). For the Ni sample, only the carbon x-ray
fluorescence radiation is used, as the Ni x-ray fluorescence radiation was used for the solid angle determination.

range even if the flux behind the capillary is recorded. The
slope of the dashed line is the transmission of the capillary
optic for the given alignment, which is also indicated by the
blue datapoints.

3.2. Validation of quantification scheme

For both a demonstration and a validation of the proposed
scheme for ref.-free p-XRF experiments, several stratified
layer samples were investigated employing 1250 eV as inci-
dent photon energy. Their high lateral homogeneity has either
been checked in previous studies [19, 30] or are known to
fulfill this criterion due to the employed deposition technique.
As shown in figure 4, a nanolayer stack of Cr on Ni on silicon
wafer (CrNi sample), a silicon-germanium layer also grown
on a silicon wafer (SiGe sample) and a nickel nanolayer on
silicon (Ni sample). The CrNi and Ni samples have been
produced by means of state-of-the-art multilayer optics
deposition techniques [31, 32]. The SiGe sample was fabri-
cated at CEA-LETT in a reduced pressure—chemical vapour
deposition tool [33]. The SiGe layer with a nominal Ge
concentration of 40% was grown at 27 mbar with a SiH,Cl, +
GeH, chemistry on a 300 mm Si(001) substrate in an Applied
Materials Centura 300 epitaxy cluster tool. The growth
temperature was set to 600 °C to avoid elastic relaxation for
the highest Ge content layer, which would result in a for-
mation of surface undulations. After fabrication, the wafer
was measured employing spectroscopic ellipsometry (SE),
x-ray diffraction and x-ray reflectometry (XRR), each on
multiple spots across the wafer surface.

Again, for a direct comparison of both ref.-free -XRF
and XRF intensities and quantification results, the lateral
homogeneity of the investigated elemental mass deposition
must be as good as possible as differently sized irradiated
areas are averaged. With the standard ref.-free XRF setup an
area of about 0.1 mm?” is contributing to the overall result
whereas only about 0.003 mm? contribute employing the -
XRF setup. Thus, if any inhomogeneities in this range exist,

this will result in different XRF signals and eventually dif-
ferent quantification results.

If the lateral homogeneity of the sample is sufficient, the
normalized fluorescence intensities of both experimental
approaches should be identical if the relevant instrumental
parameters for the p-XRF setup are correctly determined. The
normalization is performed as follows:

sl laal

If the excitation photon energy, the incident and detection
angles as well as the employed SDD detector are the same,
only the different photon fluxes and solid angles of detection
have to be taken into account. As already mentioned, the solid
angle defining aperture was removed and thus the solid angle
of detection for the u-XRF experiments was determined using
the Ni XRF emission of the Ni-Layer samples. For simplicity
and safety reasons, we chose this procedure as for a direct
calculation of the solid angle of detection based on the
fluorescence detector geometry, its distance to the beam spot
on the sample and the incident beam profile as e.g. in [20] one
would need to measure the absolute distance between detector
and the spot on the sample. Due to the very short distance
between the capillary and the sample, this experiment may
risk the capillary itself or its alignment. But this issue could
relatively easily be circumvented by adding another calibrated
aperture at well-known distance closer to the sample if
required.

The ratio depicted in equation (3) was calculated for
several intense enough XRF lines for the three samples. The
results are shown in figure 4 on the right. The uncertainty of
this ratio is mainly determined by the counting statistics of the
respective fluorescence line, the solid angle calculation as
well as the spectral deconvolution. Considering the respective
uncertainty, the obtained results agree very well with each
other for all samples. Thus, the changes to the setup enable a
correct ref.-free quantification also for p-XRF experiments.
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Figure 5. Comparison of the SiGe thickness as quantified by ref.-free
1-XRF in comparison to ref.-free XRF, XRR performed both at PTB
and at CEA after fabrication, spectroscopic ellipsometry and the
nominal value. It should be noted, that XRR and SE at CEA was
performed on multiple points on the full 300 mm wafer and that the
presented result is an average value (the standard deviation is
depicted as the error bar). For XRR performed at PTB and the two
XREF results, the error bars depict the quantification uncertainties.

The SiGe layer thickness was also calculated for the SiGe
sample. Here, the XRD derived concentration of Ge (40.37
atomic%) and a corresponding density formula as a function
of the Ge concentration [34] was used to derive the layer
thickness from the mass deposition. For comparison, also the
averaged CEA-LETI results employing SE and XRR, the
nominal thickness as well as an additional XRR derived value
performed at PTB are provided. The latter was derived by
means of a Fourier frequency analysis [35] of reflectometry
data measured with an incident photon energy of 1390 eV. As
can be seen in figure 5, also the ©-XRF obtained layer
thickness agrees very well with the standard XRF result. Both
XREF results also agree well with the XRR and SE derived
layer thicknesses. It should be noted, that XRR and SE at
CEA was performed on multiple points on the full 300 mm
wafer and is an average result (the deviation across the wafer
is marked as the error bar at CEA XRR data).

3.3. Application example—recess etch monitoring for complex
nanostructures

An application which requires the use of p-XRF is the study
of lateral SiGe recess etching in state-of-the-art gate-all-
around transistor nanostructures. Here, sacrificial SiGe
structures are employed in so-called fork-sheet [36] or
nanosheet transistors [37] and must be removed by selective
horizontal etching. This is depicted in figure 6(a), where TEM
cross sections of the fork-sheet nanostructures are shown for
three different recess etch stages (the white material is SiGe).
The nominal etch states of the samples A, B and C are no
etching (A), medium etch (B) and fully etched (C).

Even though XREF is perfectly suited for such an appli-
cation as the observable Ge fluorescence signal is a direct

monitor for the etch progress [2], it cannot be directly applied
due to the size of the homogeneous test patterns available on
typical semiconductor dies. Usually, only a very small patch
on the die is available for such metrology as shown in figure 6
b. Here, the uniform test pattern has a size of 80 yum?” and is
marked with a white box in panel b. As a consequence, the
excitation radiation must be confined to the 80 ;m? target area
as Ge is present also outside the target area in other types of
test structures and amounts.

Employing the presented experimental setup for ref.-free
u-XRF, mapping experiments of the target area have been
performed for various samples (two of each etching stage).
An incident photon energy of 1240 eV was used in order to
excite XRF radiation from the Ls-shell of Ge (and not the L,
shell to avoid Coster—Kronig transitions) as well as the
K-shells of oxygen and nitrogen, which are also present
within the fork sheet nanostructure. For each position of the
sample with respect to the micro-focussed incident beam,
spectra were recorded and deconvoluted employing detector
response functions [17] for the relevant fluorescence lines as
well as background contributions.

The resulting total Ge-L3 shell—and O-K shell fluores-
cence intensity distributions obtained on one of the two
samples with longest etch duration (C Die 1) are shown in
figures 6(c) and (d). The available spatial resolution is suffi-
cient, so that the different square pads within the target area
can be identified and that they are well separated from each
other to avoid signal cross talk. The slight ripples visible on
the outer box are caused by small movements of the incident
beam and positioning errors of the employed linear stages.
Already these normalized fluorescence signals show, that the
various square test pads contain different amounts of material
as the four left pads show low Ge signal but high oxygen,
whereas the other eight pads have a high Ge and low O signal.
The target pad for evaluating the SiGe recess etch can be
found in the top row as second pad from the right.

The obtained normalized XRF intensities are averaged
within this respective target area (the pad at [0, 0]) to deter-
mine a representative result for each sample. Employing
equation (1), the present mass deposition of germanium and
oxygen can be quantified from the mean values. By using the
knowledge on the stoichiometry of the SiGe and the dimen-
sional parameters of the nanostructure, a total thickness of the
remaining SiGe layers can be calculated and compared for the
six studied samples (two dies of each etch duration were
probed). These results are shown in part e of figure 6. The
obtained results for the two dies of each etch stage are
agreeing very well with each other. But on the nominally fully
etched sample C, where no SiGe is supposed to be left in the
nanostructure, a small fraction of Ge fluorescence was still
detected on both studied dies. This proves that some SiGe is
still present. If compared to the unetched sample A, about 3%
of the former SiGe amount is remaining. Another study
employing secondary ion mass spectrometry at imec found
3.8% of Ge residue on dies from the same wafer [38].
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Figure 6. Part (a) shows TEM cross sections of the fork sheet nanostructures at three different etching stages for SiGe removal (bright areas).
The homogeneous sample area of interest (ROI) as depicted in the photograph (part b) is only 80 xm? in size and marked with a white box.
Normalized x-ray fluorescence intensity maps for total Ge-L; shell - (part ¢) and O-K shell fluorescence radiation (part d) of the sample area
of interest and surrounding areas for sample C Die 1 are shown. Similar maps where obtained on two dies per etching stage and the Ge areal
mass within the ROI area was quantified. The quantification results are shown in part (¢). The nominally fully etched sample C, where no
SiGe is supposed to be present still contains about 3% of the original SiGe content.

4. Conclusion

In this work, a ref.-free quantification scheme for XRF
employing a micrometer-sized excitation beam is demon-
strated. Employing capillary-based focussing optics, a small
excitation footprint on the sample surface can be realized and
employed for lateral mapping of the sample composition.
With the application of ref.-free quantification, no standards
or calibration specimen are required in order to quantify
amounts of material at high spatial resolution. Additionally,
the traceability to the SI unit system of the ref.-free approach
is retained.

In combination with our earlier works [10, 12], ref.-free
XRF is now applicable at multiple spatial resolutions ranging
from the mm to the nm range. With this metrological toolset,
quantitative composition analysis can be performed at med-
ium to high spatial resolution for a wide range of potential
sample systems [39].
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