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Abstract

As nanostructures in the semiconductor industry become smaller and more complex,
non-destructive characterization methods capable of measuring buried domains become crucial.
Grazing emission x-ray fluorescence (GEXRF) spectroscopy is a measurement technique
capable of resolving nanometer-sized features of buried nanostructures while providing
information about the sample’s elemental distribution. In this work, a study was conducted to
realistically assess the uncertainties of this method, considering correlations between geometric
parameters. Furthermore, we showed strategies to effectively reduce the measurement time in
GEXRF experiments by applying state-of-the-art single photon evaluation and machine learning
denoising techniques for two-dimensional detectors. The study was performed on two different
sample positions on a HfO,/TiO, nanograting, where the GEXRF method was able to resolve
geometric differences between them. Based on a finite element method model of the
nanograting, the expected fluorescence intensities can be simulated, from which the
nanostructure’s geometry can be reconstructed. The reconstructed geometric shapes show good
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agreement with atomic force microscope and transmission electron microscope measurements,
highlighting the method’s capability for investigating samples within the nanometer regime.

Keywords: GEXRF, FEM, periodic nanostructures, buried nanostructure characterization,

nanoscale metrology

1. Introduction

The downsizing of transistors and the increasing complexity
of modern transistor technologies have raised the demand for
new methods for process control. This has affected techno-
logies such as fin field effect transistor [1], Nanosheet [2],
Forksheet [3], Complementary field effect transistor [4],
and gate-all-around-nanowire field effect transistor [5].
Furthermore, emerging topics such as metamaterials [6], nano-
structure arrays for photovoltaics [7, 8], optical devices [9],
and nanostructures for geometry-induced doping [10-12] also
require adequate characterization methods. Therefore, meas-
urement technologies that can resolve features at the nano-
meter scale, especially non-destructive methods that can also
resolve subsurface parts of the nanostructures, are important.
With scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and atomic force microscopy (AFM),
only local information of a few periods of a periodic pat-
tern can be obtained. While AFM and SEM can not directly
resolve buried domains of the nanostructure, TEM requires a
destructive sample treatment in the form of a cross section-
ing. Moreover, grazing incidence small-angle x-ray scatter-
ing and grazing incidence x-ray fluorescence (GIXRF) yield
inherently averaged [13], representative information derived
from the irradiated part of a periodic sample. However, due to
the large irradiated surface, which quickly reaches over sev-
eral millimeters in grazing incidence techniques, these meth-
ods are not applicable to the typical test structure pad sizes in
the semiconductor industry.

A method without these disadvantages is the scanning-
free grazing emission x-ray fluorescence (GEXRF) technique,
which addresses these limitations, enabling the investigation
of surface and subsurface features in periodic nanostructures
while retaining the inherent averaging capability of GIXRF
[14] to deliver representative information. Here the sample
is irradiated by a tiny x-ray beam at a large incident angle,
and the created x-ray fluorescence radiation is detected under
small exit angles with respect to the sample surface [15].
With this method, element-sensitive and dimensional inform-
ation can be assessed from the interference patterns of the
various x-ray fluorescence signals in a non-destructive man-
ner and on small test pad sizes. The scanning-free GEXRF
method can be applied to periodic nanostructures [15] as well
as to nanoparticles [16]. With the principle of microscopic
reversibility [14], the application experience of GIXRF, such
as its applicability to randomly ordered objects [13], and the
consideration of roughness [17], can be transferred to GEXRF.

In 1993, Sasaki et al [18] first performed the scanning-
free GEXRF method, using an imaging plate to character-
ize a monoatomic Zn layer in a film on a Au substrate.

Two decades later, modern two-dimensional position-sensitive
detectors were proved suitable for the scanning-free GEXRF
technique [19]. In 2022, we applied the scanning-free GEXRF
method to laterally periodic nanostructures to obtain their
dimensional and compositional properties [15] for the first
time. It was showcased that this method is applicable for
homogenous nanostructure arrays with lateral sizes in the
order of 100 um x 100 wm or even below, which is compatible
with typical metrology pad sizes in semiconductor manufac-
turing. Calculations predicted that the discrimination capabil-
ity with respect to the different parameters of a nanostructure
can be in the sub-nanometer range. In this study, we worked
toward establishing comprehensive uncertainty budgets for
the reconstructed parameters by examining the pronounced
influence of the uncertainty of the exit angle coordinates on
selected derived structural parameters. Furthermore, we took
advantage of the etch-induced shape variations of the nano-
structure dimensions across the sample to underpin the theor-
etically predicted discrimination capabilities with real exper-
imental data. For the experiment in [15], a very long integ-
ration time was necessary. As this is a significant drawback
of the scanning-free GEXRF technique, we aim to reduce
the required integration time. We also aim to improve other
aspects by integrating procedures that are more sophisticated
than those in our initial research [15] throughout the whole
experimental flow.

2. Experimental

2.1 Sample description

The sample considered is a nanostructure made up of grating
lines with a nominal period (pitch) of 123 nm consisting of a
silicon ridge with a titania (TiO,) tip and a conformal hafnia
(HfO,) overlayer. A sketch of the cross section, including a
definition of the geometric parameters used for the reconstruc-
tion, is shown in figure 1(a). During the manufacturing pro-
cess, oxidation leads to the formation of a native silicon diox-
ide (SiO,) layer on the silicon. The array of grating lines is
nominally laterally homogeneous and has nominal dimensions
of 1 mm x 15 mm. The grating lines are oriented along the lar-
ger dimension of the field (see figure 1(b)).

The sample was prepared by first cleaning a single-side
polished [100] silicon wafer (Siegert, LOT314368) with an
OptiWet SB30. This was followed by a 15 s Ar ion beam sput-
ter etching to remove the native oxide from the wafer sur-
face. After that, 50 nm of titania and 15 nm of chromium
were deposited by vacuum ion beam sputtering (OIPT Ionfab
300LC). A resist mask was then fabricated by first depositing
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Figure 1. (a) Schematic outline of the cross section of one period of the HfO,/TiO, nanograting with definitions of geometric parameters
(swa = sidewall angle). (b) Dimensions, grating orientation, and an indication of the various experimental positions on the patterned area.
(c) Schematic sketch of the etch-induced variations of the line width and the etching depth into the silicon for different positions on the

patterned area.

HMDS from the gas phase using a Sawatec 200/300, fol-
lowed by coating with OEBR-CANO038 AE 2.0CP (Tokyo
Ohka Kogyo Co. LTD), exposure via electron beam litho-
graphy (Vistec 35008, a technology working with a defo-
cused 50 keV electron beam that homogeneously illuminates
the aperture structure to be written [20]), and manual develop-
ment using OPD4262. This resist mask was then transferred
to the chromium layer by reactive ion etching (RIE) using a
chlorine-based process, and the soft mask was then removed
using an oxygen-based process (Sentech SI-591). In the next
step, the hard mask was transferred to the titania layer by
inductively coupled plasma etching (Sentech SI-500C) using
a tetrafluoromethane-based process at —50 °C. The remain-
ing chromium was removed by wet etching with TechniEtch
Cr01. Finally, 18 cycles of hafnia were deposited by atomic
layer deposition.

Due to the large open area around the field, the concen-
tration of etch species varies on a macroscopic scale from the
center to the edge of the structures. This is a well-known effect
comparable to the RIE lag [21], resulting in a higher etch rate
at the edges compared to the inner parts of the field. Therefore,
the overall etching depth increases and the line width decreases
toward the edges of the field as depicted in figure 1(c). These
geometric differences were used to demonstrate the discrimin-
ation capability of the scanning-free GEXRF method: we per-
formed two separate GEXRF experiments in the center of the
field and on the edge as depicted in figure 1(b).

2.2. Scanning-free GEXRF experiments

The measurements were performed on PTB’s four-crystal-
monochromator beamline [22] at BESSY II under an incid-
ent angle of 45° with a monochromatic incident energy of
9.564 keV which is sufficient to excite the Hafnium L3 shell.
The sample was mounted inside an ultra-high vacuum cham-
ber with a 9-axis sample manipulator [23] to align the sample
according to the incident beam and detector. We employed a

scanning-free GEXRF setup using a CCD camera (SOPHIA-
X0:2048B-13.5 um) as a detector. The grating lines were ori-
ented perpendicularly to the plane of the CCD.

As the number of charges created by an absorbed photon
in the CCD is proportional to its photon energy, the photon
energy of each detected event can be retrieved from its integ-
ral deposited charge for an isolated event as described in [24,
25]. To reliably determine the integral charge deposited by
an event, no overlaps with other events should persist. This
requires the exposure time of the individual frames to be low
enough to ensure that the probability of two photons being
detected in the same or neighboring pixels is sufficiently low.

As photons can cause charge distributions spanning over
more than one pixel, the charge cloud integration needs to take
all CCD pixels that belong to one event into account. In our
recent work [15], a histogram-based algorithm was applied,
which basically considers only isolated one-pixel events and
ignores multi-pixel events. In this work, an algorithm also con-
sidering the multi-pixel events was utilized. In cases where one
photon causes charge depositions in more than one pixel, the
intensity of all affected pixels was summed together using a
clustering algorithm which is presented in detail in [26].

Dark frames (no excitation beam on the sample) were recor-
ded to correct the electronic and readout noise pixel-wise.
In both algorithms, the pixel-wise mean of the dark frames
is subtracted from each frame recorded during the fluores-
cence measurement. In the clustering algorithm, photon events
are separated from the noise by considering only pixels in
which an intensity above a certain threshold is detected. The
threshold was set to six times the standard deviation of the
dark frame intensities measured in the same pixel. A second
threshold — here three times the standard deviation of the
same pixel in the dark frames — defines which intensity is
required for a pixel to be considered as a neighboring pixel
of a pixel fulfilling the first threshold condition or as a neigh-
boring pixel of a cluster of pixels around a pixel fulfilling the
first condition. In contrast to this, the algorithm considering
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Figure 2. (a) Comparison of the spectra (recorded on the center
position of the field) evaluated with the algorithm considering only
one-pixel events (blue) vs. spectra evaluated with the clustering
algorithm (orange), including colored areas to calculate the
signal-to-noise ratio (color only: signal, shaded: noise). (b)
Comparison of the signal-to-noise ratio of both algorithms for
different fluorescence lines.

one-pixel events only subtracts the average of the dark frames.
A comparison of the two approaches for the same set of frames
(2700 frames with 15 s integration time each) from the center
position of the nanograting field is shown in figure 2. For the
case of the Ti Ka fluorescence line, two advantages of the clus-
tering approach can be directly seen: the total number of detec-
ted events is larger and the contributions from the background
are much lower. The signal-to-noise ratio of the clustering
algorithm is much better (54.3 vs. 3.6 for the Ti Ka fluor-
escence line considering only the peak values). An overview
of the signal-to-noise ratios of the different fluorescence lines
considering the total area of the fluorescence lines is shown
in figure 2(b). In both calculation variants, the signal-to-noise
ratio of the clustering algorithm is about 15 times better for
Ti Ko, or respectively, for the joined domain of Ti Ko and Ti
K. Thus, we obtain more useful events at a lower background
per recorded image. The energy resolution of the total cluster-
ing spectrum (orange) is broadened by including the contribu-
tion of events consisting of many pixels. The spectrum of the
two-pixel events of the clustering algorithm has a much better
energy resolution, enabling the separation of Ti K« and Ti K/5.
With the clustering algorithm, in the domains of large ¢ and
large  angles (see figures 3 and 4(a)), where the fluorescence
intensity is theoretically nearly constant, there are on average
about 2.2 times more Ti Ko events per pixel. Considering

only the signal and not the noise, with the clustering algorithm
there are 3.6 times more real fluorescence photon events than
without clustering. As we do not consider the intensity ratios
of different fluorescence lines, the different spectral efficiency
is irrelevant here.

To create a GEXRF map of the fluorescence line of interest
for each individual pixel, the contributions to the pixel from
the identified events in the individual frames in the energy
range of interest are summed together. For the reconstruction
of the nanostructure, only the map of the fluorescence intensity
of the Ti Ko line was considered here. To further improve the
quality of the experimental Ti Ka maps, a 4 x 4 pixel binning
and the already-trained machine learning-based noise filtering
from [27] were applied. We previously performed a simple
test of this denoising approach using experimental data from
another experiment on the same spot of the sample by perform-
ing parameter reconstructions using all recorded frames and
different fractions of the recorded frames. These reduced data-
sets were denoised before reconstruction and we found that the
variation of the reconstructed parameters is not significantly
altered by the denoising algorithm. However, if the fraction of
images considered, and thus the total number of events is too
low, also denoising does not help anymore. Selected results of
this validation are shown later in the text in figure 8. This noise
filtering is based on the assumption that the noise on a pixel
is statistically independent of the noise in the neighborhood,
whereas the true signal is assumed to have correlations within
neighboring pixels. It reduced the variance of a region on the
map with a constant theoretical XRF signal by a factor of six.
A direct comparison in the same domain of the relative uncer-
tainty resulting from the standard deviation of the Ti Ko fluor-
escence intensity between conditions of no clustering and no
denoising versus clustering and denoising resulted in a reduc-
tion of the relative standard deviation by a factor of four, which
corresponds to a reduction in the measuring period by a factor
of 16.

Another crucial step in the data evaluation is the calcu-
lation of the angular 6 and ¢ coordinates for each pixel of
the CCD camera. These depend on the position of the CCD
detector with respect to the illuminated spot on the sample, for
example, the distance d of the pixel containing the coordinate
(60, ¢0), where both 6 and ¢ are equal to zero, see figure 3.

The distance d between the sample and the CCD was
determined by a relative sample rotation of Af known from
the corresponding motor of the sample manipulator. Due to
this rotation, the integrated x-ray fluorescence signal of the
sample on the CCD was shifted. From the known relative rota-
tion and the detector pixel size, the distance d was calculated
to be 47.0(1) cm. This was performed assuming that the nor-
mal to the detector surface is contained within the sample sur-
face at the initial position of the rotation and that the rotation
axis is in the sample surface. Furthermore, the pixel where
0 =0° and ¢ =0° has to be determined. Since the struc-
ture can be assumed to be mirror-symmetric with respect to
the vertical axis, the observed fluorescence maps are mirror-
symmetric with respect to the ¢ = 0° axis (see figure 4(a)).
Also, atilt between the sample surface and the horizontal pixel
lines can be detected and corrected in this way. Therefore,
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Figure 3. Setup of the scanning-free GEXRF method with
geometrical definitions and the orientation of the grating lines.

o can straightforwardly be determined. The pixel axis where
6 = 0° can be estimated from the onset of the fluorescence sig-
nal in the f-direction, as nearly no signal is observed for 6
angles below 0°. However, the CCD still detects events for
below 0°, originating from scattered x-ray radiation. The dif-
fuse limit between the domain where only noise is detected and
the domain where the detected fluorescence intensity starts to
emerge from the background introduces an uncertainty into
the derived 6, coordinate which also affects the other angu-
lar coordinates as further discussed in section 3.3. The other
angular coordinates were calculated geometrically from d, the
(¢0,00) position, and the pixel size of 13.5 pum. With this
final step of the data evaluation procedure, the GEXRF maps
with angular coordinates can be generated. As an example, in
figure 4(a) the GEXRF map obtained on the edge position for
the Ti Ko fluorescence line is shown.

2.3. AFM measurements

To validate the GEXRF reconstruction results, AFM meas-
urements were conducted at the same positions on the field’s
center and edge, where the two GEXRF experiments were
performed. The AFM measurements were undertaken using
a sharp tip (Nanosensors SSS) with single-point vertical prob-
ings in tapping mode, to reduce tip wear and the effect of scan
artifacts [28]. The effective tip shape was calibrated on a ref-
erence sample [29] and a correction of the measured profiles
was performed using the erosion approach from [30]. Despite
this calibration and correction, it was not possible to eliminate
all interaction effects due to the deviations between the refer-
ence sample and the nanostructure: the nanostructure exhibits
a different sidewall angle and is composed of different materi-
als than the reference sample. The slender tip could be bent
toward the flanks due to attractive forces, which makes the
sample appear wider.

Thus, only the total fin height but not the remaining struc-
ture geometry can be reliably determined with these vertical
AFM measurements. However, the width determined through
AFM follows the expected trend of being smaller at the edge
position. The total fin height (height TiO, + etching depth Si)

was determined by automatically detecting the top and bot-
tom heights of the profiles and calculating the average height
difference.

With the AFM, about 100 profiles over ten periods of the
structure were acquired due to the necessity to scan, while in
GEXRE, thousands of periods and a much larger part along
the lines of the structure were irradiated. Consequently, the
GEXREF reconstruction result represents an average over a lar-
ger area compared to the AFM result which can additionally
introduce differences as the nanostructure array is not per-
fectly homogeneous.

3. Results and discussion

3.1. GEXRF detection of geometric variation

The first simple step was to perform a direct comparison of
the fluorescence signal between the center and edge position
on the sample (see figure 1(b)). The small structural differ-
ences only impose very minor differences, which are difficult
to visualize in the angular maps. For this reason, the Ti K«
signal within the yellow framed boxes, seen in figure 4(a), was
integrated in the ¢-direction (the ¢-dependence in this region
is negligible). In addition, the resulting data was plotted versus
the #-coordinate in figure 4(b) for both sample positions. Two
pronounced differences can easily be observed: The signal
shifts to lower angles from the center to the edge as the average
material density is lower due to the lower line width. Also, the
oscillations at larger 6 angles change their angular position and
amplitude. These differences already show that the GEXRF
technique is sensitive to minor structural deviations between
the edge and center positions. Furthermore, these results show
the importance of measuring locally isolated small domains.

3.2. Lateral GEXRF reconstruction of nanostructured
surfaces

To reconstruct the geometrical parameters for both positions
of the nanostructure, we employ an approach based on the
finite element method (FEM) where the calculations were per-
formed by the FEM-Maxwell solver from JCMwave [31].
Since the FEM calculations are computationally very demand-
ing, only selected angle combinations (the red points in
figure 4(a) covering the dynamic domain) were used for the
reconstruction.

A sketch of the parameterized cross section of the nano-
structure used for the FEM calculations is shown in figure 1(a).
To find the parameters that best describe the measured fluores-
cence intensity distribution in a full reconstruction, the para-
meters are usually optimized using a Bayesian optimization
approach within the JCMwave software, minimizing the resid-
ual between experimental and calculated data. But as the cen-
ter position of the nanostructure was already reconstructed in
our earlier work [15], and this work is focused on discrim-
inating and reconstructing minor geometric differences, only
the line width and the etch depth parameters were varied here
for both positions. This was done because these parameters
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Figure 4. (a) GEXRF map of the edge position showing the selected points (red, orange) for the reconstruction (normalized to the mean
value of the fluorescence intensity of the 20 points marked in orange near the top right corner) and the domains (in yellow frames) for
averaging in the y-direction. (b) Comparison edge vs. center: measured fluorescence intensity averaged in the y-direction for all ¢ angles

with |p] > 0.75° (yellow framed domains in (a)).

are expected to differ between the edge and the center pos-
ition, due to the RIE lag effect in the sample’s manufactur-
ing process. The other parameters were fixed at the values
determined in our earlier work as we do not expect differences
between the center and the edge position in these paramet-
ers, and potential deviations are not in the scope of this work.
These fixed parameters are shown in table 1. To derive the
etch depth and the line width that best describe the measure-
ment for both positions, brute-force reconstructions were per-
formed. During this process, both parameters were varied with
a step size of 0.5 nm. Moreover, the x2-value (sum of squared,
error-weighted differences between experiment and calcula-
tion for each data point) was calculated for each combination.
In figure 5, the resulting two-dimensional x? distribution is
shown for the edge position. From this x? distribution, both
the optimal etch depth and line width can be determined. Their
respective confidence intervals can furthermore be estimated.
The reconstructed etch depths and line widths for both edge
and center measurement positions are shown in table 1, while
the corresponding grating cross sections are shown in figure 6,
where a comparison with the averaged AFM line profiles is
depicted.

From these results, the total line height of the fin-like struc-
ture can be calculated and compared to the AFM data. The
total heights for the center and the edge position are 106.8 nm
and 115.3 nm, respectively, resulting in an etching depth dif-
ference between the center and the edge position of 8.5 nm,
with an estimated confidence interval of £3 nm. According to
the AFM measurements, the difference in the total heights is
7.9(6) nm, which is in very good agreement with the GEXRF
result. This can also be observed graphically in figure 6 where
the AFM-derived line profiles are plotted with the GEXRF
reconstructed cross sections for the center and edge position.
The decreasing line width toward the edge, which was already
observed using TEM in our earlier work [15], is also detected
by GEXRF data. From the TEM, which was taken from the

46

norm. X2

31 3 B oy S

Width/nm37 38 3

Figure 5. Three-dimensional color plot of the normalized x2
distribution as a function of the line width and the etch depth for the
GEXREF reconstruction of the edge position. The corresponding
best-fit result is indicated with a green dot.

opposite edge and slightly further away from the center, a line
width of 33 nm was derived.

The y>-distribution in figure 5 also shows the different
sensitivities of the Ti Kaw GEXRF data with respect to the
two parameters: the sensitivity for changes in the line width is
stronger since the TiO; is directly affected. However, changes
in the etch depth do not directly affect the TiO,. The occurring
interference pattern is nevertheless still affected, resulting in
less direct changes in the observed fluorescence pattern. Thus,
the sensitivity for changes in the etch is less pronounced but
still sufficient to reveal the differences between the edge and
center. Here it should be noted that this sensitivity would be
enhanced by also considering the Hf fluorescence signal as it
originates from deep inside the nanograting grooves. Due to
the fine angular dependence of the Hf fluorescence intensity
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Figure 6. Comparison of the GEXRF reconstruction results for the
center and edge position and corresponding AFM data (orange line).

being incompatible with the pixel binning (joining of neigh-
boring pixels to a large pixel, as done for the Ti Ko fluores-
cence map), the Hf fluorescence was not used in this work.

As shown in table 1, the derived etching depths for the cen-
ter position resulting from this work (51.5(30) nm) and from
our initial work [15] (55.7(14) nm) differ. Also, the line width
derived here is somewhat higher as compared to our earlier
result. This is also depicted in figure 8, which shows the chro-
nological order of the measurements (large dots), where clear
trends are visible. Similar trends with respect to our initial
experiments have been observed in a recent laboratory exper-
iment on this nanostructure [32]. One reason for these devi-
ations could be a possible contamination with carbonaceous
residues which can grow during irradiation in a non-perfect
vacuum environment from previously conducted experiments
(not only GEXRF) on this sample. This may have a strong
influence on the reconstruction as shown in a work by Andrle
et al [33], and it is likely that this also has an influence here
as the parameter deviations seem to increase with the num-
ber of experiments performed per spot. Furthermore, the more
sophisticated frame evaluation scheme (clustering, denoising)
in this work may also have an effect here because this has a
strong influence, as described in section 2.2.

3.3. Toward a comprehensive uncertainty analysis

To reliably interpret the reconstruction results, knowing their
respective uncertainties is essential. However, due to the
method’s complexity, an accurate error propagation would be
very difficult to obtain. In our earlier work, we derived confid-
ence intervals for each parameter from the employed Bayesian
optimizer reconstruction as shown in table 1. In this work, we
found that the conversion of the pixel coordinates to exit angles
has a major influence on the reconstruction and is, therefore,
a major source of error that was not considered in the previ-
ous work. The conversion depends on the distance between the
detector surface and the illuminated beam spot on the sample,
as well as the pixel position at which both 6 and ¢ equal zero.
Both of these values can only be determined with limited pre-
cision, which translates into an uncertainty of each angular
coordinate. As the distance between the detector surface and

Table 1. Reconstruction results as determined in our earlier

work [15] in comparison to the brute-force reconstruction results for
the width and the etching depth of this work. The bulk densities, to
which the relative densities refer, are 4.2 g cm 3 for TiO, and

9.68 g cm ™~ for HfO,. For the brute force reconstruction, the
indicated model parameters were fixed to the earlier obtained results
as they are not expected to change from center to edge positions and
since the focus in this work is the resolution of minor geometric
differences. From the results, a total fin height (height TiO, +
etching depth) can be calculated and compared to the AFM results.
In addition, the difference between the center and edge position as
found with the GEXRF and AFM methods is shown.

center, this
work edge, this work
(conf. int.—see (conf. int.—see

center [15]
(conf. int.—see

parameter text) text) text)
height TiO, 55.3(5) fixed at 55.3
(nm)
thickness HfFO, 2.30(8) fixed at 2.30
(nm)
sidewall angle 12.4(3) fixed at 12.4
(swa) (°)
swa Si (°) 5.6(3) fixed at 5.6
relative density 0.88 fixed at 0.88
TiO,
relative density 0.84 fixed at 0.84
HfO,
etching depth  55.7(14) 51.5(30) 60.0(30)
Si (nm)
width (nm) 37.7(3) 39.0(10) 35.5(10)
total fin height 111 106.8 115.3
GEXRF (nm)
total fin height 112 (AFM 108.1(6) 116.0(6)
AFM (nm) results from

[15D)
difference total — 8.5(30)
fin height
center vs. edge
GEXRF (nm)
difference total — 7.9(6)
fin height
center vs. edge
AFM (nm)

the beam spot is rather large (47 cm), its relative uncertainty
is small compared to the uncertainty of the § = 0° position,
which was estimated from the onset of the fluorescence sig-
nal in the #-direction. For this procedure, based on the diffuse
transition between the fluorescence signal and the background,
we estimated an uncertainty of 0.01° for the emission angle
offset 0. For , the assumption of symmetry of the sample and
therefore of the recorded fluorescence map results in a drastic-
ally lower and thus negligible uncertainty.

To study the influence of the uncertainty of the 6-
coordinates on the reconstruction results of line width and etch
depth, we performed reconstructions of the datasets applying
the Bayesian optimizer. These reconstructions include the
width, the etching depth, and 6y. From this reconstruction,
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Figure 7. (a) Correlation between the §-offset and the width parameter derived from a reconstruction of the experimental data of the center
position of the field. The color coding of the dots represents the corresponding overall agreement between model and experimental data. It
can clearly be seen that, depending on the picked 6-offset, a slightly different width is derived. Using the uncertainty estimate for the
0-coordinates and linear regression of the data points (red line) allows us to estimate the uncertainty of the derived width parameter. (b) The
same type of plot for the etching depth parameter. No significant correlation can be found here.

one can analyze the correlations between 6 and the width, as
well as the etching depth parameters, by plotting the respect-
ive x2-values as a function of the #-offset and the width or
etching depth, respectively. This is depicted in figure 7. A
clear correlation for the width parameter can be observed
here, whereas the etching depth is not affected by the angular
offset.

Even though it should be noted that the underlying recon-
struction optimization was not yet fully converged, the data
still allows for a more comprehensive assessment of the uncer-
tainty propagation with respect to the derived geometrical
parameters. Employing the estimated uncertainty for the 6-
coordinates of 0.01°, one can define a confidence interval (ver-
tical dashed lines in figure 7(a)) around the reconstructed 6-
offset of —0.0067°. A linear regression of the points with a
normalized x2-value of 3.25 and below allows us to determ-
ine the slope of the line plotted in red, which represents the
change of the width parameter per changing 6-offset. From
the intersections of this line with the estimated uncertainty of
the f-offset, we were able to derive the corresponding uncer-
tainty of the width parameter to be 2.5 nm. As shown in 7(b),
the symmetry axis in the y>-distribution between the etching
depth and 6 is parallel to the coordinate axis. Consequently,
the uncertainty of 6y does not contribute to the uncertainty of
the etching depth.

As this uncertainty estimate is much larger than the derived
confidence intervals in table 1, it seems to be a more realistic
estimate for the full uncertainty of the derived parameters (also
depicted in figure 8), as it takes all influencing experimental
and methodological uncertainty contributors into account. It
also demonstrates how a supposedly simple geometric con-
version from pixel to angular coordinates can turn out to be
a bottleneck for the achievable reconstruction uncertainties.
The improvement of our strategy to measure the correspond-
ing relative positions in the experimental setup will be part of
future work.
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Figure 8. Overview of the different reconstruction results for width
and etching depth as found in our earlier work [15], results from a
repetition experiment, which was used to test the denoising filter,
and the results of this work. In addition, the reconstruction results of
the fractionated and denoised datasets (see text) are shown. The
gray shaded areas depict the determined uncertainty estimates (light
gray, see text) and the confidence intervals from [15] and table 1
(dark gray), respectively.

4. Conclusion and perspectives

In this work, a further step toward comprehensive uncer-
tainty budgets for the reconstructed parameters is shown by
analyzing the influence of uncertainties associated with the
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conversion from pixel to angular coordinates on the determ-
ined line width of nanostructures. In addition, we showed
several improvements made to reduce the required integra-
tion time for the scanning-free GEXRF-based characteriza-
tion of nanostructures as compared to our initial work [15].
By applying a clustering algorithm to derive more useful
events from the recorded CCD frames and a noise reduction
algorithm, which together reduced the relative standard devi-
ation by a factor of four (corresponding to a reduction of the
measuring time by a factor of 16), it was possible to recon-
struct minor geometric differences: we experimentally showed
that we can easily distinguish the slight modifications of the
nanostructure parameters present on the employed sample
using the GEXRF technique. Also, the reconstruction of the
experimental data allows us to derive the different dimen-
sions induced by etch artifacts which agree well with comple-
mentary AFM data. Notwithstanding the aforementioned new
developments and progress, as well as the potential for accel-
eration through the utilization of much faster CMOS-based
cameras instead of CCDs [32, 34], the scanning-free GEXRF-
based characterization of nanostructures remains a relatively
slow technique. In addition, the demonstrated influence of
uncertainties related to the angular coordinates on crucial
reconstructed parameters shows the necessity for identifying
and incorporating all pertinent correlations within the uncer-
tainty analysis. Furthermore, it shows the requirement for fur-
ther development to make scanning-free GEXRF a useful tech-
nique for such metrology applications. One potential solution
could be introducing an additional radiation source for calibra-
tion purposes, positioned in opposition to the camera [35]. The
reconstruction quality could be further enhanced by incorpor-
ating data from a reference-free quantification as the efficiency
of the CCD is unknown, in contrast to the efficiency of a solid
drift detector employed in reference-free GIXRF [33]. In such
a reference-free quantitative scanning-free GEXRF measure-
ment, where the solid drift detector measures the absolute
fluorescence intensity per incident photon during the GEXRF
measurement, the loss of information due to the unknown effi-
ciency of the CCD (due to which the normalizing on the 20
points marked in orange in figure 4 is necessary) would be
compensated, although this requires reliable knowledge of the
fundamental parameters of the corresponding elements.
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