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Scatterometry is a tested method for measuring periodic semiconductor structures. As modern semi-
conductor structures have reached the nanoscale, determining their shape with sub-nanometer accuracy
has become challenging. To increase scatterometry’s resolution, short wavelength radiation like soft
X-rays can be used. However, scatterometry reconstructs the geometry of periodic nanostructures that
can lead to ambiguous solutions and needs increased sensitivity to determine the shape of even more
complex periodic nanostructures made up of different materials. To achieve unique solutions with smaller
uncertainties, soft X-ray scattering can leverage exciting materials that consist of elements with low
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atomic numbers. Additional information from stimulated emission via soft X-ray fluorescence analysis in a
hybrid measurement approach can help resolve ambiguous scatterometry results and reduce uncertainty.
In this work, the hybrid approach is used to compare solutions from the dimensional reconstruction and
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1 Introduction

In recent years, the development and use of extreme ultraviolet
(EUV) lithography has led to a decrease in semiconductor
structure dimensions on integrated circuits from microscale to
nanoscale. The shrinking feature sizes of wafer test structures
like nanogratings or buried nanostructures, which have dimen-
sions in the nanometer range is a challenge for process
control." Especially, the critical dimension (CD), often refer-
ring to the width of the smallest geometrical features, is an
essential parameter for determining the quality and perform-
ance of a semiconductor structure and needs to be determined
with sub-nanometer accuracy. Various techniques are used to
probe and measure these structures with accuracy from nano-
meter to sub-angstrom levels:> techniques that use a focused
electron beam, like critical dimension scanning electron
microscopy (CD-SEM),®> transmission electron microscopy
(TEM),*® and scanning transmission electron microscopy
(STEM),>” light-scattering techniques such as
scatterometry® ! and critical dimension small angle X-ray scat-
tering (CD-SAXS),'* as well as scanning techniques using a
probe like critical dimension atomic force microscopy
(CD-AFM)"*'* are employed. Additionally, elemental mapping
techniques that use characteristic soft X-ray fluorescence (XRF)
radiation such as combining energy dispersive X-ray spec-
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determine the actual solution over ambiguous ones.

troscopy (EDS)">"® with STEM are also utilized.'” The shrink-
ing dimensions of semiconductor structures present a chal-
lenge, particularly in wafer manufacturing control that uses in-
line metrology.®

In-line metrology requires fast and non-destructive tech-
niques. Scatterometry does not require destructive cross-sec-
tioning and is fast due to its non-scanning nature, making it
compatible with in-line metrology. Its ability to characterize
periodic nanostructures is limited by the penetration depth,
which depends on factors such as wavelength, incident angle
of radiation, and materials being studied. The wavelength
range for this technique can vary from near-infrared to soft
X-ray spectral range depending on the setup used. Optical criti-
cal dimension (OCD) metrology'’ is a specialized form of scat-
terometry that typically uses radiation in the near-infrared,
visible, ultraviolet (UV), and deep ultraviolet (DUV) spectral
range. Scatterometry with UV light can determine the critical
dimensions of periodic nanostructures with nanometer
accuracy.’®®' The accuracy of scatterometry techniques
increases by using short-wavelength radiation like EUV radi-
ation for EUV scatterometry,* soft X-rays for soft X-ray scatter-
ing®® and tender X-rays for grazing-incidence small angle X-ray
scattering (GISAXS),>**> measuring all available diffraction
orders.

Scatterometry is a technique that utilizes a model of the
periodic nanostructure and a method to simulate the diffrac-
tion efficiencies observed during the measurement. Further
improvements can be performed by taking roughness effects
from the nanostructure into account®®>® and applying statisti-
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cal approaches to dimensional reconstruction.?® In the form of
EUV scatterometry or soft X-ray scattering, scatterometry has
the potential to become a candidate as a reference tech-
nique.? First prototypes of EUV scatterometers that make use
of EUV lab sources have already been commissioned.*'*
However, the lack of stable EUV lab sources still remains a
challenge for wider adaptation into in-line metrology.

One computational method to simulate the diffraction
efficiency of a periodic nanostructure is rigorous coupled wave
analysis (RCWA),**® which solves Maxwell’s equations
numerically by individually solving the Fourier series com-
ponents of the periodic structure. This allows it to calculate
both far-field (diffraction pattern) and near-field (standing
wave field) properties of periodic structures. As advanced
methods, such as RCWA, are developed, the standing wave
field from the interaction of incoming and outgoing waves in
the scattering process can be seen as the underlying principle
of scatterometry. The standing wave field is determined by the
shape and elemental composition of the periodic nano-
structure and is influenced by near-field effects. Models
describing the standing wave field are crucial for understand-
ing and using near-field effects in scatterometry.

One way to rigorously calculate the standing wave field is by
solving Maxwell’s equations numerically using the finite
element method (FEM).***' This approach divides complex
geometries into smaller units, allowing for their exact repre-
sentation. The FEM is preferred over other faster methods
such as RCWA because it allows setting numerical precision
and modeling details like roundings and inclines of a nano-
grating shape.*> Techniques like scattering-type scanning near-
field optical microscopy (s-SNOM)**** can directly measure
the standing wave field at a structure by focusing infrared radi-
ation onto the metalized AFM probe over the structure. Soft
X-ray scattering, however, cannot directly measure the standing
wave field due to the short wavelength this technique uses.
Instead, it measures the far-field, which is equivalent to the
fast Fourier transform applied to the calculated standing wave
field in the form of diffraction intensities. The near-field and
geometry of the periodic nanostructure need to be recon-
structed from these diffraction intensities through an optimiz-
ation process that minimizes the residuals between measured
and calculated intensities. This dimensional reconstruction is
an inverse problem that can yield ambiguous solutions for the
shape of the periodic nanostructure, also known as multimod-
alities. When measuring the diffraction efficiency, the phase
information of the far-field is lost. This loss of information
can make reconstruction even more difficult.

Techniques such as grazing incidence X-ray fluorescence
(GIXRF)**® with soft X-rays are based on the characteristic
soft X-ray fluorescence (XRF) radiation emitted by elements
with low atomic numbers, denoted as low-Z elements. These
elements have L- and K-edges in the soft X-ray spectral range.
The XRF radiation can be described by exciting the material
based on the standing wave field of the soft X-ray scattering
process.”” Like scatterometry, GIXRF measurements can yield
ambiguous solutions. Approaches using additional infor-
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mation by enhancing GIXRF with X-ray reflectivity (XRR),*®
which measures the reflectance of the sample while detecting
XRF radiation, are currently under development.**™>* This
approach measures a sample without needing different prep-
arations for each technique and solves the inverse problem
with combined measurement data in the optimization
process, known as combined regression. In the combined
approach, the overall sensitivity is increased or enhanced by
combining individual sensitivities.

Also under development is the combination of some
different techniques, such as OCD, SEM, CD-SAXS, XRR,
GISAXS and AFM.>*° The combination of scatterometry and
ellipsometry, which analyzes the change in polarized light
before and after it reflects off a sample, is also being devel-
oped.®® Additionally, there are hybrid approaches that
combine GIXRF-XRR, GISAXS, and near-edge X-ray absorption
fine structure spectroscopy (NEXAFS)®' which analyzes the
absorption of X-rays by a sample providing information about
its chemical composition and bonding at the surface.®® These
first hybrid approaches are still in contrast to available setups
with built-in hybrid measurement techniques such as
EDS-STEM®*®* for elemental mapping, which are potentially
applicable for in-line reference metrology.

Soft X-ray scattering can take advantage of the fact that
GIXRF is suitable for characterizing periodic nanostructures
made of low-Z materials with soft X-rays.®>®® The description
of the standing wave field of both methods is identical, but it
is assumed that the phenomena observed, soft X-ray scattering
and soft X-ray fluorescence, have different sensitivities. Soft
X-ray fluorescence can probe specific areas of a sample, provid-
ing information about their spatial distribution as confir-
mation of the mass distribution, while soft X-ray scattering
can obtain more information about the sample structure,
depending on the optical contrast. As the combination of
these techniques can yield a better representation of the struc-
ture and mass distribution inside the periodic nanostructure,
these methods are suitable for being combined in hybrid
metrology. Recent research at PTB’s soft X-ray beamline at
BESSY II synchrotron facility has shown that a dedicated scat-
tering chamber with a silicon drift detector (SDD) for collect-
ing fluorescence spectra and a charge-coupled device (CCD)
for capturing diffraction efficiency can be used to collect
hybrid measurement data from a sample volume of a nano-
scale grating.®

In this work, the multimodality problem in scatterometry is
addressed by using soft X-ray fluorescence scatterometry (XFS)
as a hybrid measurement approach. This approach combines
soft X-ray scattering and soft X-ray fluorescence analysis on a
sample with a single preparation, similar to GIXRF-XRR does. A
modified setup combines soft X-ray scattering and soft X-ray
fluorescence analysis for dimensional reconstruction of a one-
dimensional nanoscale grating made from silicon nitride
(Si3N,4) and silicon dioxide (SiO,). The work compares optimiz-
ation results based on combined regressions using weighted
soft X-ray scattering and soft X-ray fluorescence data obtained
from an angular scan. This method aims to classify multimodal-
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ities and find a range of appropriate weights for the data in the
combined regression that can be used for hybrid dimensional
reconstructions with minimized residuals between measured
and calculated diffraction and fluorescence intensities.

2 Experimental and fundamental
2.1 Nanoscale grating sample

In this work, a one-dimensional nanoscale grating is being
characterized. This grating consists of silicon nitride (SizNy)
lines with a silicon dioxide (SiO,) layer on a silicon (Si) sub-
strate. The grating was manufactured at the Helmholtz-
Zentrum Berlin (HZB) by means of electron beam lithography,
applied to a Si substrate with an Si;N, layer on top. Fig. 1a dis-
plays an SEM image of the grating profile, while Fig. 1b illus-
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Fig. 1 Cross-sectional view of a silicon nitride (SizN4) nanoscale grating
with a silicon dioxide (SiO,) layer on a silicon (Si) substrate made at the
Helmholtz-Zentrum Berlin (HZB). A scanning electron microscopy (SEM)
image of the grating profile is shown in (a), and (b) represents the para-
metrization scheme of its shape derived from the SEM image and the
manufacturing process. The Si substrate and SizN4 lines are separated by
a native SiO; layer with a fixed thickness of 1.35 nm. The SEM image was

made by the HZB.
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trates its parametrization and highlights different materials
that are not visible in Fig. 1a. The distance between adjacent
grating lines, denoted as pitch (p), is 100 nm. The dimensions
of the grating lines are described by the line height (k) and
width (w) with the nominal values 100 nm and 50 nm, respect-
ively. The width, which is measured at half height is the CD of
the grating. The grating’s shape is further described by the
angle of the sidewalls of the grating lines, denoted as the side-
wall angle f, and the rounding of the grating lines is described
by the top corner radius r¢p. The SiO, surface layer at the top
of the grating lines with the thickness dj;,. follows the shape
of the grating lines and its top corner radius is dependently
determined by r¢op + diine. The SiO, surface layer in the grooves
of the lines with the thickness dgroove has a corner rounding
described by the bottom corner radius rpottom. The thickness
of the native SiO, layer between the Si substrate and SizN,
lines is considered to be fixed at 1.35 nm for this study.

The hybrid method combines soft X-ray scattering and fluo-
rescence by utilizing the periodicity and composition of this
nanostructure, which consists of low-Z elements of interest
such as nitrogen and oxygen with L- and K-edges in the soft
X-ray spectral range. This approach is effective due to the well-
defined pitch (p = 100 nm) of the structure. The remaining set
of varying geometry parameters is (k, w, 8, Tbottom, tops dgrooves
diine)- A contamination layer of carbon compounds at the
sample surface is known for significant absorption of XRF
radiation from inner regions of the sample. Therefore, before
measuring it, the sample was cleaned at the University of Jena
using a process that started with Caro’s acid, followed by an
ultrasonic bath in an ammonia-water solution (1:150
NH;: H,0), water for rinsing, and spin dry. The cleaning
process can cause minimal changes to the grating structure
and can oxidize the surface.

2.2 Theory of soft X-ray scattering on a nanoscale grating

The nanoscale grating, as described in Fig. 1, serves as a diffr-
action grating for soft X-rays. When monochromatized soft
X-rays with wavelength 1 strike the nanoscale grating with
pitch p under a grazing angle of incidence «; equal to or
smaller than the critical angle of total external reflection,
nearly all photons are elastically scattered into distinct diffrac-
tion maxima. If the grating vector is parallel to the incidence
plane (perfect conical mounting),”® the angles of the diffrac-
tion maxima can be described as follows:

9 = arctan (M), (1)

CoS o

ap = arcsin(y/ sin® & — (ml/p)z), (2)

where m denotes the number of diffraction order. In this case,
the angular positions of the diffraction maxima are on a semi-
circle of the scattering sphere. These formulas are derived from
the scattering vector q = ke — k; for perfect conical grating
mounting, where k; is the wave vector of the incident photons
and k¢ that of the scattered photons with k, = |k;| = |k¢| = 21/2.7°
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When capturing the diffraction pattern using an area detec-
tor, it forms a semicircle over the horizon of the grating plane
(Fig. 2, left). The spacial displacements between the diffraction
orders are determined by the grating pitch p, the grazing angle
of incidence o; and the wavelength A. The diffraction efficiency
In(oiE;) for each order m is determined by the nanoscale
grating profile’s shape and the optical properties of the grating
materials. The diffraction efficiency is proportional to the
squared absolute value of the electric field strength far from
where scattering occurs.

Fig. 2 shows the standing wave field formed by the incom-
ing and outgoing waves at the grating, E(r,y) with r = (x,2)".
This near-field can be precisely calculated by solving Maxwell’s
equations using the FEM. Assuming a nanoscale grating is
infinitely long and has no defects in terms of superstructure
or varying pitch, a grating parametrization like that shown in
Fig. 1b can be used to determine the electric field strength E(r,
y) of the standing wave field. The optical properties of the
materials and experimental parameters (a; and 1) are crucial
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Fig. 2 Hybrid measurement scheme in soft X-ray fluorescence scat-
terometry (XFS). A monochromatized photon beam illuminates a nano-
scale grating with different materials at an incident angle «;, resulting in
scattering or absorption and exciting various grating materials. Incoming
and outgoing waves from the scattering process form the standing wave
field. The scattering far-field is a diffraction pattern on the area detector
in form of peaks on a semicircle. The standing wave field within the
grating medium also shows how the incoming photons with appropriate
energy excite the different sample materials. The photons of the stimu-
lated emission leave the inner regions of the sample medium in different
directions. The blue and orange contour lines over the sample surface
visualize the intensity distribution of the simulated emission depending
on the reabsorption of the leaving photons. A silicon drift detector posi-
tioned 30° off the plane of incidence captures the radiation spectrum of
the stimulated emission. The spectrum includes the fluorescence emis-
sion lines of the different elements of the grating material.
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for describing the interaction between grating and soft X-rays.
Optical constants or the complex refractive index describe the
optical properties of grating materials in relation to their inter-
action with soft X-rays.

Mathematically, the diffraction efficiency is proportional to
the squared Fourier-transformed electric field strength of the
standing wave field (I,(c,E;) & |E(kymskzmY)|?)- This means
that the efficiency depends on how strongly the wave is present
in different parts of the frequency spectrum. An additional
operation yields the diffraction efficiency as follows:

I (04, E3) = |E(kym, kg, y)| e =< 05 3)

where E(kym,k,m,y) is normalized by the amplitude of the
incoming plane waves. This definition contains an exponential
damping factor that accounts for the reduction in intensity
due to diffusely scattered photons at rough line edges.”” This
factor, known as the Debye-Waller factor, enhances grating
models by incorporating a type of imperfection that nanoscale
gratings typically have. In this context, the roughness para-
meter ¢ (measured in nm) represents the variance of deviations
in the edges and widths of grating lines. The horizontal com-
ponent of the scattering vector g, , for diffraction order m
determines the effect of line edge and line width roughness on
the diffraction efficiency.

2.3 Theory of soft X-ray fluorescence from a nanograting

Many characteristic fluorescence emission lines from low-Z
materials lie in the soft X-ray spectral range. Therefore, GIXRF
can be used for element-specific reconstruction of nano-
structures.®”’” Depending on the incident photon energy E; and
the angular orientation of the grating with respect to the
incoming photon beam, elements of different materials of the
grating can be excited by the incoming photons. Different
parts of the grating then emit fluorescence photons whose
spectrum contains characteristic lines of atoms excited. The
intensity distribution of the electric field strength of the stand-
ing wave field I(ry) « |E(ry)|’, calculated as explained in
section 2.2, determines how strong different areas of the
grating cross section are stimulated. Thus, the fluorescence
intensity depends on the excited area of the material 4; in the
cross section of the grating. The fluorescence intensity of a
certain emission line / of an element within material j can be
described by the adapted and simplified Sherman equation,”
according to:

=" oy (B (x)

[E(r,y)l’e = dr, (4

&) = = ip;7(Ei) ok Jl |

p

where E(r,y) is normalized by the amplitude of the incoming
plane waves.

The mass densities of all M materials, p; with j [1,..., M],
are assumed to be constant over their areas of the grating
profile 4; in an unit cell, whose width is given by the pitch p of
the grating. Fundamental parameters that determine how the
integral scales to the absolute fluorescence intensity are:

This journal is © The Royal Society of Chemistry 2025
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« The mass fraction of the fluorescent element, denoted as w;;

« The photo-ionization cross section of the relevant atomic
shell for the incident photo energy E;, denoted as z(E;);

» The fluorescence yield of the relevant atomic shell, wy;
and

» The mass attenuation coefficient of material j for the fluo-
rescence energy of line /, denoted as u;(E;).

The exponential term in eqn (4) describes the self-absorp-
tion of fluorescence photons of emission line ! when passing
all M material areas to the surface. Here, d;(r) denotes the dis-
tance to the surface of an area j, depending on the point of
excitation within the grating structure r. The fluorescence
intensity of emission line [/ calculated this way is proportional
to the detected count rate for emission line [ at an incident
angle a;. A silicon-drift detector (SDD) measures photons arriv-
ing within the effective solid angle of detection £(«;)/4n and
sensitivity range (Fig. 2, right).

From the raw data, the count rates Fj(a;) of each fluo-
rescence line [ are extracted through deconvolution and back-
ground subtraction.””> The emitted fluorescence intensity for
emission line [ is calculated as follows:

47 sin a; Fl((li)

Pi@) = 50 Noe(E)’ )
where N, the incident photon flux and &(E;) the detection
efficiency for the fluorescence photon energy E;.*®

2.4 Instrumentation and measurement

The X-ray fluorescence scatterometry (XFS) setup used in this
work allows for simultaneous soft X-ray scattering and soft
X-ray fluorescence measurements. This instrument is a small
and compact scattering chamber with a volume of 5 L that can
be vacuumed.

The scattering detection system uses a CCD, which is placed
behind the sample and detects elastically scattered soft X-rays
(Fig. 2, left). The setup was designed for usage with monochro-
matized synchrotron radiation, but it can also be used with
other radiation sources like an X-ray free-electron laser (FEL) or
a lab-source. Using a large collimated photon beam, different
regions can be visualized on the sample surface through their
different reflectance visible by imaging with the CCD. The
sample stage mechanics allow for moving the sample under the
photon beam. A pinhole array with pinhole sizes from 20 to
1200 pm can be used to select the part of the photon beam that
illuminates the region of interest on the sample.

The setup also has an SDD, positioned on top of the
chamber at an angle 30° off the plane of incidence, for detect-
ing XRF radiation from the sample surface (Fig. 2, right). A
beam shutter or filter can be brought in front of the CCD to
avoid overexposure when measuring XRF radiation. When
placing an appropriate filter in front of the CCD, even real-
time hybrid measurements can be carried out by integrating
both fluorescence spectra and diffraction images. This ensures
that the hybrid measurements are taken under the same
sample state.

This journal is © The Royal Society of Chemistry 2025
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The setup can perform scans over the grazing angle of inci-
dence ranging from 0° to 32°. A special feature of the instru-
ment is its ability to change the grazing angle of incidence by
rotating the chamber along with its permanently mounted
detectors. The captured diffraction pattern on the CCD can be
used to align the sample using successive images and rotating
the sample around its vertical axis with the sample stage
mechanics. By moving the instrument vertically, the region of
interest can be brought into the axes of both incident photon
beam and SDD for measuring both scattering and fluorescence
from the same sample volume. High angles of incidences and
small pinhole sizes correspond to small beam footprints,
allowing for probing small sample areas with elongations
down to 500 pm.

The soft X-ray fluorescence scatterometer (XFS) improves
upon existing setups that provide only one technique by pro-
viding a hybrid measurement approach that combines the
advantages of both scattering and fluorescence analysis
without the need for separate sample preparations. Thus, the
XFS setup allows for more comprehensive characterization of
periodic nanostructures with improved mass resolution and
spatial distribution information. Unlike large GISAXS setups,
the XFS setup can characterize small regions of interest with
reduced beam footprint on the sample due to high angles of
incidence. This allows the setup to probe specific areas within
the sample volume. The permanently fixed detectors allow for
stable measurement conditions.

The hybrid measurement approach utilizes the fact that
some of the incoming photons are scattered at the grating
structure while others get absorbed and excite atoms of the
grating material if the incident photon energy has an appropri-
ate value. The choice of the incident photon energy E; is pri-
marily determined by the material composition of the grating
sample. Here, E; should be significantly higher than the tran-
sition energies of the K,-shells of nitrogen (N) and oxygen (O)
at 392.4 eV and 524.9 eV, respectively,”® to excite the nitrogen
and oxygen atoms and to be far from the next absorption edge.
Thus, the incident photon energy is set to 680.0 eV. By scan-
ning over the critical angle of total external reflection, a strong
scattering signal is replaced by a strong fluorescence signal
through increasing absorption and stimulated emission. Fig. 2
shows a sketch of the hybrid measurement scheme of soft
X-ray fluorescence scatterometry (XFS) for a fixed angle of inci-
dence. The standing wave field determines the excitation
within the grating structure. The stimulated emission is influ-
enced by the grating structure through self-absorption,
depending on the exit angle of the fluorescence photons
(contour lines in Fig. 2).

The fluorescence radiation emitted from the grating surface
at a 30° angle off the plane of incidence is influenced differently
by self-absorption through the shadowing effect than that leaving
the surface in the plane of incidence. Measuring fluorescence
radiation off the plane of incidence can be more sensitive to the
shape of the grating compared to a conventional measurement
within the plane of incidence. To increase the sensitivity of soft
X-ray fluorescence, this effect is utilized in the work.

Nanoscale, 2025,17, 6017-6029 | 6021
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In Fig. 3, the influence of the shadowing effect on fluo-
rescence intensity is demonstrated by comparing simulated
fluorescence intensities of N-K, and O-K, emission lines over
the grazing angle of incidence in and 30° off the plane of inci-
dence. The comparison shows that the relative deviations for
O-K, are about ten times larger than those for N-K,. This
occurs because O-K, fluorescence photons from grating
grooves must pass through neighboring lines, while N-K,, fluo-
rescence photons primarily leave the grating lines where they
appear. Additionally, in cases with relatively high grating lines,
such as this example, more fluorescence photons from inner
regions of the grating lines can be detected if the pitch is
sufficiently large. The figure shows that up to around 1% more
N-K, fluorescence photons can be detected from the grating
line.

Limitations on the scan over the grazing angle of incidence
are given by the footprint of the photon beam on the sample
surface, as well as the measurement time provided. To keep
the beam footprint small, pinholes with a smaller diameter or
larger incident angles can be used. The distance between an
80 pm-pinhole and the sample in the center of the chamber is
set at 43 cm. As a result, the photon beam cross-section with a
diameter of approximately 83 pm at the sample and the result-
ing beam divergence of about (0.2 x 0.2 mrad®) (width by
height) are primarily determined by Fraunhofer diffraction at
the pinhole.

The grazing angle of incidence affects the beam footprint
on the sample. For an angular scan, the lower limit of the
grazing angle (a; ~ 2°) is set by over-illumination of the CCD
due to being below the critical angle for total external reflec-
tion. At this angle, the beam footprint still covers the elonga-
tion of grating lines at about (0.08 x 2.4) mm” (width by
elongation). The upper limit of the angle of incidence is deter-
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Fig. 3 Fluorescence intensity of nitrogen (N) and oxygen (O) K, emis-
sion lines over the grazing angle of incidence calculated with reabsorp-
tion in and 30° off the plane of incidence from a nanoscale grating
model like shown in Fig. 1b in a measurement geometry shown in Fig. 2,
illustrating the effect of varying angles on the emitted radiation. While
off the plane of incidence more O-K, photons get reabsorbed, a slight
increase of N-K, photons can be observed compared to the emission in
the plane of incidence.
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mined by the lower signal-to-noise ratio for higher-order diffr-
action efficiency. In this study, the scan area is reduced to
scanning the grazing angle of incidence from 2° to 6° with
perfect conical sample mounting.

The CCD camera captures the diffraction pattern from the
grating sample, which provides the diffraction efficiency (,,(«;,
Ey)) for all diffraction orders m. To achieve a high signal-to-
noise ratio while maintaining linearity between integrated
photon counts and actual diffraction efficiency, multiple
images with short exposure times are taken for each diffraction
efficiency measurement. The normalized integrated photon
counts can be identified as the diffraction efficiency in arbi-
trary units because the area detector is not calibrated.

Fig. 4a shows the diffraction efficiency for various orders of
diffraction over the grazing angle of incidence. The total uncer-
tainty in the normalized diffraction efficiency consists of two
components: the standard deviation from the combined diffr-
action images and a relative uncertainty of 2% due to detector
inhomogeneity. Since the measured diffraction efficiency has
arbitrary units, the dimensional reconstruction of the nano-
scale grating uses the relative diffraction efficiency I, which is

100
101

102

Diffr. ord.

. o | H
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Grazing angle of incidence / °©

Fig. 4 Measurement data simultaneously obtained by (a) soft X-ray
scattering and (b) soft X-ray fluorescence from the silicon nitride (SizN4)
nanograting described in Fig. 1 over the grazing angle of incidence at an
incident photon energy of 680.0 eV, with uncertainties shown as +3¢ for
both methods. (a) shows the diffraction efficiency for some orders of
diffraction and (b) shows the measured count rate of soft X-ray fluor-
escence of the oxygen (O) and nitrogen (N) K, emission line.
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defined as the diffraction signal of higher order (m # 0)
divided by the diffraction signal of the zeroth order (m = 0) for
each grazing angle of incidence. During fluorescence spectrum
collection, a shutter in front of the CCD protects it from
overexposure.

Complementing the hybrid data set over the grazing angle
of incidence, Fig. 4b shows the measured count rates relative
to detector efficiency Ej/¢(E;) for the fluorescence lines of O-K,
and N-K,. Due to the reduced photon flux behind the 80 pm-
pinhole, the yield of fluorescence photons from the excited
sample surface is relatively low. Consequently, the integration
time of the SDD is set to 1500 seconds and the detector is
brought close to less than 1 mm away from the sample surface
to achieve a sufficient signal-to-noise ratio in the fluorescence
spectra. This proximity between the detector and sample
surface allows for detection of XRF radiation from the sample
surface over a large solid angle, which explains the difference
between the fluorescence curves shown in Fig. 3 and 4b.

The influence of the detector solid angle on the shape of
the fluorescence intensity curve is described by the factor
4nsin i/2(e;) in eqn (5). Here, the actual solid angle is
unknown as the sample-detector distance cannot be accurately
determined in the XFS setup. Therefore, this work uses the
relative rescaled fluorescence intensity (& = Dk, /Pox, X 10)
for the dimensional reconstruction of the nanoscale grating,
where the factor in eqn (5) cancels out. The relative uncertainty
of the count rate for both emission lines is determined by
photon fluctuations /F;/F; each.

In the context of comparing scattering and fluorescence in
a hybrid data set (Fig. 4), it is observed that while the diffrac-
tion efficiency decreases with increasing angle of incidence (a;)
(Fig. 4a), the fluorescence intensities from oxygen and nitro-
gen K, increase (Fig. 4b). This general trend can be explained
by the behavior of the standing wave field within the grating
structure as the grazing angle of incidence increases. As the
penetration depth of the modes in the standing wave field
scattering efficiency decreases while absorption
increases.

grows,

3 Method

To determine the sample-based parameters (h, w, f, Tvottom,
Teops Agrooves @iines &) describing the shape of a nanoscale
grating’s profile shown in Fig. 1, as well as the distribution of
line edge and width roughness, the inverse problem can be
solved using a model of the grating (Fig. 1b) and an experi-
ment model. The measurement data shown in Fig. 4 is used to
find solutions for these parameters. Based on a set of para-
meters, the diffraction efficiency and fluorescence intensity
can be calculated according to eqn (3) and (4) from the electric
field strength of the standing wave field.

This work uses the JCMsuite software (version 6.0.10) from
JCMwave GmbH, Berlin”*”> to calculate the electric field
strength of the standing wave field and employ a fast Fourier
transform for diffraction efficiency and density integration for
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fluorescence intensity. In an optimization process, measured

. . oL Fmeas
and calculated relative fluorescence intensities (&; and

zcalc s s s . ~ ~
@;"") and diffraction efficiencies (7% and I2) are compared

l
across various parameters to solve the inverse problem.

An optimal hybrid dimensional reconstruction of the nano-
scale grating requires a balance of information from the two
data sets: soft X-ray scattering and soft X-ray fluorescence. A
weighting parameter, denoted as y, is used to optimize this
process by balancing a combined y*-function (denoted as y,*
function) that needs to be minimized. This ensures the best
possible reconstruction of the nanoscale grating’s dimensions
using both data sets simultaneously. By adjusting the weight-
ing parameter y, one can control how much emphasis is
placed on each measurement technique during the optimiz-
ation process. For example, if y = 1, then the reconstruction
will be primarily driven by the scattering data; whereas if y = 0,
it will rely solely on fluorescence information. By finding an
appropriate value for y, one can optimize the dimensional
reconstruction and show the distribution of information over
different data sets in a hybrid metrology approach.

Assuming the measurement uncertainties are normal dis-
tributed and non-correlated, and soft X-ray scattering and soft
X-ray fluorescence measurements are independent, the com-
bined y*-function can be written as:

Fmeas

alc\ 2
2 _ 14 (Im,i ~cac)

B Im,i

2
Om,i

(1—}’)2(‘151'

+—
Xfluo i Oi

Xy

A2
)(scat im
(6)

with the standard deviations of the Gaussian uncertainties for
scattering (o,,;) and fluorescence (s;). The squared standard
deviations are made up of the sum of the uncertainties of the
measurement and the model. To ensure that y is only influ-
enced by the relative information content of the data sets, the
individual y*-functions in the y,*-function are also weighted by
the individual best fits function values:

~meas ~best

) G _ $OBN2
and;(fluozz—( i - i )7
l
7)

where 72, represents the y*-function value for soft X-ray scat-
tering measurements and 77, is the corresponding value for
soft X-ray fluorescence for completed optimizations. This self-
normalization compensates the effect of different sizes, scales,
and uncertainties between the individual data sets on the
weighting parameter y. To find the right balance for the hybrid
dimensional reconstruction, optimization results from a series
of different parameter values y (0,1) can be compared by their
best fit y,>-function values.

In this work, the numerical precision of the model for the
standing wave field is limited to reduce computational effort.
The limited precision can have a sensitive effect on the model
uncertainty of the diffraction efficiency I,,(o;) for some grating
shapes and grazing angles of incidence. As the calculated far-
field is the fast Fourier transform of the whole computational

~meas ~best ) 2

jmeas _ joes
A2 ( m,i m,i
Xscat = E : o2 .

im m,t i
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domain, this can lead to an overall model uncertainty of up to
15%. The calculated fluorescence intensity @;;(a;), on the
other hand, results from an averaging of excitation over parts
of the domain. Thus, its model uncertainty is smaller than
that of the diffraction efficiency, limited by 3%.

The optical constants for SizN, and SiO, are determined
through a reconstruction of a layer system using soft X-ray
reflectivity.®” These values are more reliable in the soft X-ray
spectral range than relying solely on tabulated data, as men-
tioned in reference,”® where the optical constants of Si are
taken from. Values for the partial photoionization cross-sec-
tions 7(680 eV) and the fluorescence yields w; of the nitrogen
Ky-shell and oxygen K,-shell are taken from source.””

To account for small angular displacements of the grazing
angle of incidence o; and the azimuthal tilt angle of the
sample ¢ in the dimensional reconstruction, setup-based para-
meters (Aa;,Ap) can determine the actual angular orientation
of the grating with respect to the incoming photon beam by
af = a;+ Ag; and ¢’ = ¢ + Ag.

This work uses differential evolution to minimize the
%/ -function, described in eqn (6), as well as 2., and 7, (eqn
(7)) with a constant mutation rate of 80% and recombination
rate of 50%. Parameter values are sampled by individual
optimizations over 161 different weighting parameter values y
between 0 (fluorescence only) and 1 (scattering only) using the
same parameter ranges and initial values. The solutions found
can accumulate in clusters, which can be analyzed by principal
component analysis (PCA)**®' and k-means clustering,®®*
using the implementation for PCA and the KMeans class pro-
vided by the Scikit-learn library (version 1.2.2).%

78,79

4 Results and discussion

When optimizing over the weighting parameter y, the values of
the grating parameters (%, W, 8, I'pottoms Ttops @grooves iines &) Vary
over the prior ranges listed in Table 1. The variation of these
values can be explained by two facts: firstly, differential evol-
ution might not find the global minimum in a possibly multi-
modal solution space; and secondly, it may stop close to a
minimum due to the defined termination criterion. By using
principal component analysis (PCA) with 3 components and

View Article Online
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k-means clustering with a fixed number of clusters (here set at
3), three distinct clusters can be identified: Cluster Orange
Circle, Cluster Blue Triangle, and Cluster Purple Square.

Fig. 5 displays the best fit solutions for the most significant
grating parameters, which are labeled with different makers
(circle, triangle, square) and colors (orange, blue, purple)
based on their respective clusters. These clusters represent dis-
tinct areas where multimodal best fit solutions can be found.
Cluster Orange Circle and Cluster Blue Triangle exhibit larger
spreads compared to that of Cluster Purple Square. Among
these two clusters, Cluster Orange Circle has the largest
spread. By comparing characteristics such as the spread of
best fit solutions, one can determine how sensitive parameter
values within a cluster are depending on the weighting in the

55 ] =] fS .
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Fig. 5 Dimensional reconstruction solutions of the SizN4 nanograting
from Fig. 1, obtained by minimizing the weighted y,?-function in eqn (6)
for various weighting parameters between y = 0 (fluorescence only) and
y = 1 (scattering only). The solutions are grouped into clusters labeled
with different markers and colors.

Table 1 Mean values and relative ranges of SizN4 nanograting parameters for each solution cluster shown in Fig. 5

Cluster Orange Circle

Cluster Blue Triangle Cluster Purple Square

Parameter Prior range Mean Rel. range/% Mean Rel. range/% Mean Rel. range/%
h/nm 87 109 96.2 16 97.7 10 102.2 4

w/nm 36 58 48.3 16 46.0 19 52.3 4

pl° 0 8.5 2.5 179 5.6 79 4.4 59
Thottom/NM 1 21 3.5 336 17.4 107 17.5 19

Tiop/M 1 15 10.4 59 7.3 76 11.3 32
dgroove/NM 1.32 14.82 9.1 62 6.3 115 11.2 30

djine/nm 1.34 4.84 3.6 21 2.8 53 3.0 21

&/nm 0 5 0.3 492 0.5 339 2.1 139

Cluster range mean — 148 100 38
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Fig. 6 Comparison of the relative ranges for SizN, nanograting para-
meters from Table 1, plotted across different solution clusters as shown
in Fig. 5. The comparison shows that Cluster Purple Square has the
smallest relative parameter ranges, while Cluster Orange Circle has the
largest.

;(yz-function. A relatively weak dependency of parameter values
in a cluster suggests that the actual solution for the geometry
of the nanoscale grating lies within this cluster.

In Fig. 6, the ranges of parameter values are normalized to
their mean values for each cluster. The mean values and rela-
tive parameter ranges are listed in Table 1 along with the prior
ranges used in optimization. To compare the clusters based on
how much they depend on the weighting in the y,’-function,
one can calculate the average of all parameters’ relative ranges.
This analysis supports the observed spread of the clusters
from Fig. 5. Cluster Purple Square has the smallest relative
ranges, indicating that solutions with a line height of about %
= 102.2 nm are least influenced by the weighting in the y,*
function. Comparing these results suggests that the actual
solution for the grating geometry falls within the parameter
ranges of Cluster Purple Square.

To further analyze the clusters, cluster labels can be
assigned to the y*-function values of the combined regression.
Fig. 7a shows the sum of the normalized y*-function values of
soft X-ray scattering only (;(sz) and soft X-ray fluorescence
only (yauo>) for the best-fit solutions sampled over the weight-
ing parameter y, marked according to the solution clusters.
The cluster labels are assigned based on the following
expression:

%scatl/fscatz +)(ﬂu02/)2ﬂu02' (8)

Solutions in Cluster Orange Circle and Cluster Blue
Triangle can be interpreted as solutions found under the dom-
inance of one of the two data sets in the optimization. Around
the central value of the weighting parameter (y = 0.5), solutions
are influenced by both parts of the hybrid data set, which
results in better compromises for fitting the hybrid data set
and the appearance of solutions that belong to Cluster Purple
Square. This confirms that soft X-ray scattering and soft X-ray
fluorescence data are complementary.

The solutions of Cluster Purple Square seem excellent com-
pared to those of Cluster Orange Circle and Cluster Blue
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Fig. 7 Dimensional reconstruction solutions of the SizN, nanograting
from Fig. 1 with (a) normalized best fit solution values of the individual
;(Z—functions of soft X-ray scattering (ggscatz) and soft X-ray fluorescence
(vuo?) and (b) the corresponding line height h, (c) the line width w, and
(d) the sidewall angle g over the weighting parameter y used in eqn (6)
for optimization. All values are assigned via markers (circle, triangle,
square) and colors (orange, blue, purple) to the corresponding solution
clusters shown in Fig. 5. The minimum of the normalized best fit solu-
tion values indicates the best balance between information from both
measurement techniques for accurate reconstruction of the grating
structure. Here, the minimum is part of Cluster Purple Square whose
solutions also show the smallest variance over y.

Triangle because they find the best compromise in fitting the
hybrid data set, while also displaying an independence from
the weighting of the fit. Fig. 7b-d show the direct dependency
of the solutions represented by line height #, line width w, and
sidewall angle g from the weighting parameter y. While the
parameter values from Cluster Orange Circle and Cluster Blue
Triangle drift and jump strongly over y, those values from
Cluster Purple Square only fluctuate around the mean value.
An appropriate weighting value for the combined regression
can be found in the central region, around y ~ 0.16 to 0.67,

Nanoscale, 2025,17, 6017-6029 | 6025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04580g

Open Access Article. Published on 10 February 2025. Downloaded on 3/10/2026 6:34:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

where the likelihood of finding the actual solution, assigned
to Cluster Purple Square, is relatively high. The fact that this
central region is shifted away from the center (y = 0.5) towards
smaller y-values can be explained by the sensitivity of soft
X-ray scattering measurements to the angular position. In this
case, the sensitivity is higher than that of soft X-ray
fluorescence.

To compensate for the different sensitivities of measure-
ments or the relative information content of data sets, it is
important to adjust the value of the weighting parameter. This
ensures that the influence of one data set with less relative
information content than another data set is higher. If this
balance is not achieved, the data set with a higher relative
information content would dominate the optimization
process, potentially leading to multimodality as a solution.

For a comparison of the results, Fig. 8 shows optimization
results based on a fit of fluorescence data only (y = 0) in the
first column (Fig. 8a and b), a fit of hybrid data set using
Yhybrid = 0.5625, assigned to Cluster Purple Square (Fig. 8c and
d), and a fit of scattering data only (y = 1) in the third column
(Fig. 8e and f). Here, the optimization results based on soft
X-ray scattering and soft X-ray fluorescence data have a solu-

Fluorescence only (v = 0.0)

a) <)

Hybrid (y = 0.5625)
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tion that fits only to the scattering and the fluorescence data
set, respectively. The result based on the hybrid data set fits
both scattering and fluorescence data; however, it does not fit
as well as to individual data sets. Possible reasons for this
could be an insufficient best fit or physical model like the
influence of the roughness of the grating lines to soft X-ray
fluorescence which is not taken into account here.

Other hybrid metrology approaches compare and discuss
results from different techniques,®®°* make use of combined
-functions for combined regression,”>*”**® or use the
results of one characterization technique as Bayesian input for
another.>>>® The hybrid metrology approach in this work uses
both combined regression and takes into account the relative
complexity or information content of data sets from different
techniques. One possible reason for different results from
different characterization techniques applied on the same
sample might be that the relative information content in the
data sets differ from each other.

The relative information content may depend on the
number of data points and the sensitivity of the technique in
certain measurement sections. Weighting the combined y*-
function with a parameter, while excluding the effect of the

Scattering only (y = 1.0)
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Fig. 8 Optimization results for soft X-ray scattering and fluorescence with different values of the weighting parameter y from eqn (6), separated by
columns (y = O fluorescence only, y = 0.5625 hybrid and y = 1 scattering only). The first three rows, (a), (c) and (e) contain the results for soft X-ray
scattering over the grazing angle of incidence at incident photon energy E; = 680 eV, represented by the relative diffraction efficiency T, (@, E) from
1st row for 1st over Oth diffraction order to 3rd row for 3rd over Oth diffraction order. The relative diffraction efficiency is rescaled by the decadic
logarithm. In the last row, (b), (d) and (f) contain the results for soft X-ray fluorescence, represented by the relative fluorescence intensity @ from
nitrogen (N) K, over oxygen (O) K, over the grazing angle of incidence at incident photon energy E; = 680 eV. The results are shown with uncertain-
ties as +20.
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sizes of data sets and the measurement uncertainties to the
dimensional reconstruction, can optimize the dimensional
reconstruction and show the distribution of information over
different data sets for hybrid metrology.

5 Conclusions

This work uses a setup for soft X-ray fluorescence scatterome-
try, combining soft X-ray scattering and soft X-ray fluorescence
in a hybrid approach to characterize a nanoscale grating made
of different low-Z materials with increased unambiguity of the
results. The dimensional reconstruction of the nanoscale
grating is based on complementary data sets and uses com-
bined regression. To compensate for differences in the sensi-
tivity of the measurements or to equalize the relative infor-
mation content of the data sets, the combined y*-function
used in the optimization is weighted via a parameter. This
work demonstrates that the weighting parameter has a signifi-
cant impact on the determined line profile of the grating. It
confirms that soft X-ray scattering and soft X-ray fluorescence
are complementary techniques. The study also reveals that
only specific solutions based on the combined data set appear
to be largely independent of the weighting parameter. The
value of this parameter can provide an indication of the rela-
tive information content of the complementary data sets in
relation to the model being used. This work highlights the sig-
nificance of a weighting parameter for combined regression
when the information content of complementary data sets is
unknown. It demonstrates its applicability in determining the
actual solution of grating line profiles over ambiguous
solutions.
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